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ABSTRACT 


Tliis  report  docunicnls  work  carried  out  lii  the  Materials  Research  Laboratory  of  The 
Pennsylvania  State  University  on  the  third  and  final  year  of  tire  program  on  “Piezoelectric 
and  Electrostrlctlvc  Materials  for  Transducers  Applications’  sponsored  by  the  Office  of  Naval 
Research  (ONRJ  under  grand  No.  N00014-89-J-1689.  This  marks  the  termination  of  a  very  long 
and  highly  productive  sequence  of  contracts  and  grants  focusing  on  the  development  of  new 
materials  for  Piezoelectric  and  Elcctrostrlctlve  transducer  applications  carried  through  under 
core  ONR  funding.  Fortunately  many  elements  of  the  work  will  be  continuing  on  a  new 
Unlverslly  Research  Initiative  (URl)  program  under  ONR  sponsorship. 

IlighligliLs  of  (he  past  year’s  activities  Include:  An  Increased  emphasis  upon  the 
llexlcnsional  (muunic)  ly|}c  actuators,  modeling  botli  the  Internal  stress  distribution  as  a 
function  of  geometiy,  and  the  very  Interesting  resonant  mode  structure  of  the  composites;  A 
more  refined  focus  upon  the  performance  of  piezoelectric  ceramic  transducers,  particularly 
under  high  drive  levels  Is  developing  with  ^  nncern  for  the  extrinsic  domain  and  phase 
boundaiy  contrlbuliuns  to  response.  Measurement  and  modelling  are  being  used  to  explore  the 
nonlinearity  and  the  frecjuency  response  and  to  examine  the  phase  partitioning  at  the 
rhombohedral  :  tetragonal  morphotropic  phase  boundaiy  In  the  PZT  system.  Phenomena 
limiting  lifetime  hi  pularlzallon  and  ])hase  switching  actuators  are  behig  explored  to  separate 
surface  and  volume  effects  and  Uiose  due  to  grain  size  and  flaw  population  differences.  New 
work  lias  been  Initiated  to  examine  Acoustic  Emission  as  a  technique.  In  combination  with 
Barkhausen  current  pulse  analysis,  to  separate  and  evaluate  domain  switching  and 
mlcrocracldng  In  polarization  switching  systems. 

From  work  on  this  program  It  has  now  become  clear  that  the  lelaxor  ferroelectrlcs  are 
in  fact  close  aiinlugucs  of  the  magnetic  spin  glasses,  so  that  the  spin  glass  formalism  can  be 
used  to  explain  the  very  wide  range  of  dielectric,  elastic  and  electrostrlctlvc  properties.  The 
remaining  outstanding  fundamental  problem  Is  tliat  of  the  detailed  interrelationship  between 
the  known  nano-heterogeneity  in  the  structure  and  chemlstiy  and  tlie  nanopolar  regions 
which  conttlbulc  the  electrical  response. 

Of  very  liigii  practical  interest  Is  tlie  manner  In  which  the  relaxor  can  be  field  biased 
Into  extremely  strong  piezoelectric  response.  Work  Is  going  forward  to  examine  tills  response 
In  detail  and  to  explore  the  possibility  that  such  “super-responses'  can  be  Induced  by  chemical 
(solid  solution)  means. 

Processing  studies  have  focused  upon  new  lower  temperature  consolidations  for 
relaxors,  and  upon  new  com|)ositions  for  high  temperature  pleroelectrlc  ceramics. 

In  parallel  with  the  ONR  Transducer  Program  the  Laboratoiy  has  extensive  DARPA 
sponsored  research  on  ferroclcclrlc  Uiln  films.  Since  the  films  structures  frequently  Involve 
materials  like  the  PZT.  PMN  ;  PT.  PLT  and  PLZT  families  of  compositions  and  do  explore 
piezoelectric  effects  and  applications,  a  small  group  of  the  most  relevant  papers  form  this 
program  are  appended  to  tlie  report. 
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ABSTRACT 


This  repoit  documents  woilc  carried  out  in  the  Materials  Research  Laboratory  of  The 
Perm^lvanla  State  University  on  the  third  and  final  year  of  the  program  on  “Piezoelectric 
and  Electrostrlctlve  Materials  for  Transducers  Applications”  sponsored  by  the  Office  of  Naval 
Research  (ONR)  under  grand  No.  N00014-89-J-1689.  This  marks  the  termination  of  a  very  long 
and  highly  productive  sequence  of  contracts  and  grants  focusing  on  the  development  of  new 
materials  for  Piezoelectric  and  Electrostrlctlve  transducer  applications  carried  through  under 
core  ONR  funding.  Fortunately  many  elements  of  the  work  will  be  continuing  on  a  new 
University  Research  Initiative  (URI)  program  imder  ONR  sponsorship. 

Highlights  of  the  past  year’s  activities  include:  An  increased  emphasis  upon  the 
flextenslonal  (moonle)  type  actuators,  modeling  both  the  internal  stress  distribution  as  a 
function  of  geometry,  and  the  very  interesting  resonant  mode  structvire  of  the  composites;  A 
more  refined  focus  upon  the  performance  of  piezoelectric  ceramic  transducers,  particularly 
under  high  drive  levels  Is  developing  with  concern  for  the  extrinsic  domain  and  phase 
boundary  contributions  to  response.  Measuremoit  and  modelling  are  being  used  to  explore  the 
nonlinearity  and  the  frequency  response  and  to  examine  the  phase  partitioning  at  the 
rhombohedral  :  tetragonal  morphotroplc  phase  boundary  in  the  P2rr  system.  Phenomena 
limiting  lifetime  in  polarization  and  phase  switching  actuators  are  being  explored  to  separate 
surface  and  volume  effects  and  those  due  to  grain  size  and  flaw  population  differences.  New 
work  has  been  Initiated  to  examine  Acoustic  Emission  as  a  technique,  In  combination  with 
Barkhausen  current  pulse  anal)rsls.  to  separate  and  evaluate  domain  switching  and 
microcracking  tn  polarization  switching  systems. 

From  work  on  this  program  It  has  now  become  dear  that  the  relaxor  feiroelectrlcs  are 
in  fact  close  analogues  of  the  magnetic  spin  glasses,  so  that  the  spin  glass  formalism  can  be 
used  to  explain  the  very  wide  range  of  dielectric,  elastic  and  electrostrlctlve  properties.  The 
remaining  outstanding  fundamental  problem  Is  that  of  the  detailed  interrdatlonship  between 
the  known  nano-heterogenelty  m  the  structure  and  chemistry  and  the  nanopolar  regions 
which  contribute  the  electrical  response. 

Of  very  high  practical  interest  Is  the  maxmer  In  which  the  relaxor  can  be  field  biased 
into  extreme^  strong  piezoelectric  response.  Work  is  going  forward  to  examine  this  response 
In  detail  and  to  explore  the  possibility  that  such  “super-responses’  can  be  induced  by  chemical 
(solid  solution)  means. 

Processing  studies  have  focused  upon  new  lower  temperature  consolidations  for 
relaxors.  and  upon  new  compositions  for  high  temperature  plezodectnc  ceramics. 


In  parallel  with  the  ONR  Transducer  Program  the  Laboratoiy  has  extensive  DARPA 
sponsored  research  on  ferroelectric  thin  films.  Since  the  films  structures  frequently  involve 
materials  like  the  PZT.  PMN  :  PT.  PLT  and  PL2rr  families  of  compositions  and  do  explore 
piezoelectric  effects  and  applications,  a  small  group  of  the  most  relevant  papers  form  this 
program  are  appended  to  the  report 
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INTROOUCTIOIf 

This  report  documents  work  canted  out  in  the  Materials  Research  Laboratory  of  The 
Penn^lvanla  State  University  over  the  third  and  final  year  of  the  program  on  "Piezoelectric 
and  Electrostrlctlve  Materials  for  Transducer  Applications*  sponsored  under  grant  no. 
N(XX)14-89'J-1689  from  the  OfiQce  of  Naval  Research.  In  general  the  change  of  emphasis  which 
was  Initiated  last  year  (ONR  Report  for  1990)  has  continued  and  intensified,  with  the  group 
studies  moving  away  form  purely  sensing  ^tems  and  toward  a  more  balanced  approach  to 
both  sensing  and  actuating  functions  for  ceramic,  ceramic  polymer,  and  ceramic  metal 
composite  ^tems. 

For  reporting  purposes,  the  activities  have  been  grouped  under  the  following  topics. 

1.  GENERAL  SUMMARY  PAPERS. 

2.  COMPOSITE  MATERIALS. 

3.  PIEZOELECTRIC  CERAMICS. 

4.  PHENOMENOLOGICAL  STUDIES. 

5.  RELAXORS  AND  RELATED  SYSTEMS. 

6.  PROCESSING  STUDIES 

7.  FERROELECTRIC  THIN  FILMS. 

Following  precedent  established  over  more  than  fifteen  earlier  reports,  the  report  will 
present  a  brief  narrative  description  of  the  work  making  reference  for  details  to  the  published 
studies  which  are  appended  as  technical  appendices  and  form  the  bulk  of  the  dociiment. 

Over  the  past  year  we  have  combined  a  amtmulng  emphasis  on  the  research  topics  and 
advances  necessary  to  maintain  leadership  In  the  area  of  Transducers  with  the  need  to  bolster 
the  educational  background  for  people  who  wiU  soon  be  driven  to  using  active  mechanical 
systems  to  maintain  a  competitive  position.  In  the  Second  International  Summer  School  on 
Ferroelectrlcs.  L.  Eric  Cross  gave  the  opening  address  summartEing  many  of  the  techniques  in 
Ferroelectric  Ceramics  for  tailoring  properties  to  specific  application  and  R  E.  Newnham  gave 
the  closing  address  on  Smart  Ceramics.  For  the  ADPA/ALAA/ASME/SPIE  Conference  on 
Active  Materials  and  Adaptive  Structures  the  Penn  State  Group  (Cross.  Newnham  and  Uchlno) 
gave  a  full  one  day  tutorial  on  piezoelectricity  In  crystal  and  ceramics  and  the  application  of 
piezoelectrics  to  Actuator  Structures.  The  Gordon  Conference  on  Ceramics  was  organized 
around  the  possibility  for  engineering  super  response,  with  Cross  opening  the  proceedings. 
Perhaps  a  rather  clear  Indication  of  the  dominant  position  which  the  Penn  State  Group  has 
achieved  In  electric  ceramics  is  the  fact  that  at  the  upcoming  94th  Annual  Meeting  of  the 
American  Ceramic  Society.  Cross  will  give  the  Orton  Lecture  and  at  the  same  meeting 
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Newnham  will  follow  with  the  Sossman  Lecture.  These  educational  ventures  are  of  course  a 
subsidiary  but  important  contribution  enabled  by  the  continuing  ongoing  ONR  support. 

In  the  technical  area,  the  continuing  trend  has  been  to  increase  activity  relevant  to  the 
material  ^tems  most  Important  for  Actuation  both  for  single  phase  and  composite  families. 
For  larger  strains  at  lower  forces  than  bulk  ceramics,  the  flextenslonal  (moonle)  offers  an 
almost  ideal  intermediate  between  solid  ceramic  and  current  blmorph  structures  and  the 
combination  of  the  Moonle  with  a  multilayer  co-flred  element  offers  50  p  meter  strain  at  low 
control  voltages. 

For  the  1  :  3  composites  which  are  becoming  increasingly  important  for  large  area 
actuation,  new  exact  solutions  for  the  strain  behaviour  are  being  formulated  but  these  are  not 
yet  published  and  will  be  reported  next  year. 

Concern  for  the  behaviour  of  both  piezoelectrics  and  electrostnctors  at  the  high 
continuous  drive  levels  necessary  for  many  actuation  functions  is  being  addressed  by  studies  to 
separate  surface  and  volume  effects,  grain  size  related  effects  and  the  role  of  the  flaw 
populations  in  limiting  cycle  lifetime.  New  work  has  been  started  to  compliment  these 
approaches  by  using  acoustic  emission  analysis  in  conjunction  with  Barkhausen  pulse 
analysis  to  attempt  distinction  between  noise  associated  with  domain  switching  and  that 
associated  with  micro-cracking.  Extrinsic  contributions  from  domain  wall  and  phase 
boundary  motion  which  become  Important  in  aH  piezoceramics  at  high  drive  levels  are  being 
explored  both  experimentally  and  theoretically,  measuring  nonlinearity  and  frequency 
dispersion  and  by  extending  Arlt's^  model  for  the  domain  contribution  into  the  nonlinear 
regime. 

Work  on  the  relaxor  ferroelectrics  continues  to  further  substantiate  the  analogue  to 
spin  glass  behaviour  In  magnetic  systems,  and  the  full  panoply  of  the  spin  glass  formalism  is 
being  used  to  describe  the  material  properties.  A  major  developing  Interest  is  in  the  detailed 
origin  of  the  exceedingly  large  Induced  piezoelectric  effects  in  polarization  biased 
electrostnctors  and  m  the  exploration  of  systems  combining  end  members  with  relaxor  and 
ferroelectric  properties. 

Processing  studies  continue  to  explore  different  techniques  for  generating  fine  powders 
of  conventional  perovsklte  ferroelectrtcs.  More  recently  however  the  ultra  high  Cune 
temperature  strontium  pyronlobate  family  is  being  examined  and  hot  forged  grain  onented 
samples  of  La2'^207  ^sve  been  produced.  The  objective  is  to  develop  piezoelectnc  matenals 
with  very  wide  working  temperature  range. 

The  ferroelectrics  group  In  MPL  Is  also  involved  In  a  significant  program  under  DARPA 
sponsorship  to  produce  thin  films  of  ferroelectric  materials.  The  composition  of  interest 
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embrace  the  perovsklte  PZTs.  PTs.  PLTs  and  PLZTs  and  though  the  emphasis  is  upon 
generating  swltchable  compositions  for  nonvolatile  semiconductor  memory,  it  is  necessary  to 
know  the  piezoelectric  response  and  its  potential  problems  and  applications.  For 
completeness  a  small  selection  of  the  papers  most  relevant  to  the  piezoelectric  behaviour  is 
also  appended. 

U>  GENERAL  SGMBIARY  PAPERS 

In  a  very  broad  ranging  survey  (Appendix  1).  Eric  Cross  explored  dielectric, 
piezoelectric,  pyroelectric  and  electro-optic  applications  of  ferroelectric  ceramic,  introducing 
the  week  long  deliberations  of  the  Second  International  Summer  School  on  Ferroelectrics  In 
Ascona.  Switzerland.  The  primary  focus  was  on  dielectric  and  piezoelectric  systems  and 
introduced  much  of  the  effort  ongoing  in  MRL.  particularly  on  this  ONR  program  to  tailor 
properties  for  these  specific  applications. 

For  Advanced  Ceramics  (Electronic)  Newnham  (Appendix  2)  covers  a  wider  range  of 
topics  Including  magnetics  and  semiconductors,  however  the  focus  on  techniques  for 
multilayer  systems  is  important  In  the  context  of  the  actuator  studies. 

2.0  COBSPOSiro  MATERIALS 

Tuneable  Transducers  (Appendix  3)  by  R  E.  Newnham  highlights  the  possible 
application  of  nonlinear  properties  to  smart  and  very  smart  systems.  The  focus  is  upon  the 
relaxor  ferroelectric  and  the  tuning  of  the  piezoelectric  response  under  DC  field  bias. 

The  article  on  Composite  Electroceramics  (Appendix  4)  by  R  E.  Newnham  gives  a 
general  introduction  to  the  important  controlling  parameters,  highlighting  the  roles  of 
cormecttvlty.  symmetry  and  scale  In  determining  a  wide  range  of  properties.  For  systems 
involving  transport,  the  Important  of  percolation  and  the  percolation  threshold  are 
introduced  and  polychromatic  percolation  is  briefly  dlscu:>sed. 

Tuneable  Transducer  for  Smart  Materials  (Appendix  5)  by  Michael  Blaszkiewicz  and  R 
E.  Newnham  deals  with  the  possibility^  of  using  an  elastomer  under  mechanical  stress  to 
control  compliance  tn  a  composite,  and  thus  to  tune  the  resonant  frequency  of  a  composite 
resonator.  Electrical  tuning  was  introduced  by  incorporating  a  piezoelectric  actuator  stack  to 
generate  the  modulatmg  stress. 

The  paper  on  Piezoelectric  Composite  with  High  Sensitivity  and  High  Capacitance  for 
Use  at  High  Pressure,  by  Xu.  Yoshlkawa.  Belsick  and  Newnham  (Appendix  6)  underscores  the 
advantages  of  the  flextensional  (Moonle)  structure  in  providing  high  dh.  high  gh. 
high  dhgh/fan  5  lAtgc  capacitance  and  low  tangents  5  in  combination  with  the  robustness 
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required  for  deep  submeigence.  Ceramic  Metal  Composite  Actuators  by  Xu,  Dogan.  Tressler. 
Yoshlkawa  and  Newnham  (Appendix  7)  examines  the  flextensional  moonie  as  an  actuator  and 
points  up  the  excellent  motion  amplification  which  can  be  achieved  in  this  system. 

aO  PIEZGELECTSIC  CERAinCS 

From  dielectric  measurements  the  work  by  Q.  Y.  Jiang.  W.  Cao  and  L.  E.  Cross  on  the 
"Efiects  of  Surface  Layers  on  Physical  Properties  of  Lanthanum  Doped  Lead  Zlrconate  Titanate 
Ceramics’  (Appendix  8)  uses  the  effects  of  changing  sample  thickness  to  delineate  clearly  a 
nonferroelectrlc  layer  on  conventional  ground  and  polished  samples,  the  manner  in  which 
this  layer  can  be  removed  by  etching  and  through  post  aimealing  the  separation  of  the  effects  of 
pure  capacitance  padding  and  of  the  two  dimensional  stress  generated  by  the  processing. 

The  importance  of  the  electrode  sample  interface  is  further  stressed  in  the  paper  on 
*1110  Influence  of  Surface  Contamination  on  Electrical  Fatigue  of  Ferroelectncs*  by  Jiang.  Cao 
and  Cross  (Appendix  9)  which  shows  the  Importance  of  an  exceedingly  clean  ferroelectric 
surface  in  relieving  the  switching  fatigue  for  polarization  reversal  and  large  strain  switching 
m  7  :  68  : 32  PLZT. 

These  fatigue  effects  are  summarized  In  the  paper  by  Cross  and  Jiang  on  Fatigue  Effects 
m  High  Strain  Actuators  (Appendix  10)  which  underscores  also  the  importance  of  small  grain 
size  and  pore  free  character  (optical  transparency)  in  reducing  fatigue  effects  so  that  saturated 
polarization  switching  may  be  extended  to  C3rcles. 

Our  Intention  is  to  use  Acoustic  E^mlssion  to  explore  polarization  switching  In  PZTs.  In 
preparation  for  this  study  more  conventlo^ial  AE  has  been  explored  in  the  paper  Acoustic 
Emission  in  Ferroelectric  Lead  Titanate  Ceramics  :  Origin  and  Recombination  of  Microcracks 
by  V.  Srlkanth  and  E.  C.  Subbarao  (Appendix  11).  Here  heating  and  cooling  through  Tc  has 
been  used  to  Initiate  the  cracking  in  Niobium  modified  lead  titanate.  The  method  was  also  used 
to  confirm  the  healing  of  microcracks  as  had  been  postulated  much  earlier  by  Buessem.^ 

The  following  six  papers  deal  with  aspects  of  the  behaviour  of  Lead  zlrconate  titanate 
ceramics.  In  the  discussion  of  the  MPB  in  the  PZT  system  M.  Fukuhara.  A.  S.  Bhalla  and  R  E. 
Newnham  look  at  the  general  considerations  which  suggest  that  the  phase  change  is  driven  by 
polarizability  differences  and  by  the  coupling  to  the  elastic  strain  field  (Appendix  12). 

A  three  dimensional  Landau-Glnsburg  modd  is  constructed  by  Cao  and  Cross  to  devdop 
a  Theory  of  Tetragonal  Twin  Structures  In  Ferrodectrlc  Perovsklte  with  First-Order  Phase 
Transition*  O^pendtx  13)  and  a  quasi  one  dimensional  solution  obtained  for  180*  and  for 
change  neutral  90*  twin  walls.  The  elastic  deformations  and  dimensional  changes  associated 
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with  the  twin  structures  are  delineated  in  the  parameters  of  the  model  and  the  implications  for 
piezoelectric  effects  in  ceramic  feiroelectrlcs  are  discussed. 

In  the  two  papers  of^ipendices  14  and  15  Shaoping  Ll,  W.  Cao.  R  E.  Newnham  and  L.  E. 
Cross  examine  the  extrinsic  nonlinearity  in  lead  zlrconate  tltanate  ferroelectric  ceramics. 
Appendix  14  presents  prellmlnaiy  experimental  evidence  to  confirm  that  the  nonlinearity  of 
the  poled  ceramic  is  extrinsic  and  uses  an  extension  of  the  model  by  Arlt  and  co-workers^  to 
describe  the  nonlinearity,  ^pendix  15  gives  a  more  complete  treatment  of  the  problem.  The 
analysis  traces  in  more  detail  the  origins  of  the  loss  and  explores  the  influence  of  high  driving 
fields  upon  the  resonant  frequency  of  the  poled  ceramic. 

The  Inhomogeneous  stress  and  field  distribution  in  the  vicinity  of  a  Gnfilths  type  III 
crack  tip  in  a  plezoceramlc  is  explored  by  U.  Cao  and  Cross  in  Appendix  16.  The  paper  tackels 
the  rather  straightforward  problem  of  a  type  m  crack  along  the  xi  axis  extending  through  the 
ceramic  m  X3  which  is  the  poling  direction.  Stress  intensify  factors  are  worked  out  for  fields 
applied  along  X2  and  for  shear  stress  applied  032-  Clearfy  m  this  configuration  the  effects  of 
stress  and  field  can  add  or  subtract  depending  on  the  sign  of  the  field. 

4.0  PHENOMENOLOGICAL  STUDIES 

In  observations  on  thin  films  structures  carried  out  m  Hitachi  Laboratories  for 
epitaxial  PbTlOs  films,  a  rather  massive  (50*0  shift  of  the  apparent  Curie  temperature  was 
observed  for  certain  preparation  conditions.  Appendix  17  describes  a  straightforward 
application  of  Devonshire  Theory  by  Rossetti  and  Cross  using  values  for  PbTlOs  delineated  In 
this  Laboratory  to  suggest  that  the  origin  may  be  In  a  two  dimensional  effective  compressive 
stress  -400  MPa.  which  has  little  effect  upon  the  room  temperature  values  of  piezoelectric  or 
dielectric  properties. 

From  a  very  careful  x-n^  and  phenomenological  study  in  the  Pbi.xLaxfZro.esTlo.ss) 
I-X/4O3  system  Rossetti.  Nlshimura  and  Cross  (Appendix  18)  came  to  the  very  important 
conclusion  that  m  this  PLZT  system  the  Tc  as  determined  from  Landau-Glnsburg-Devonshire 
Theory  is  independent  of  the  lanthanum  concentration,  and  that  the  apparent  shift  of  the 
dielectric  permittivity  maximum  is  associated  with  a  freezing  in  of  dynamical  nanopolar 
regions  which  originate  at  this  interpreted  LCD  Curie  temperature.  The  analysis  gives 
additional  support  to  the  earlier  assertion  by  Bums  et  al.  that  the  onset  of  polar  micro  regions 
In  PLZT  Is  not  affected  by  the  i^mthanum  content  but  does  suggest  that  the  so  called  Bum 
temperature  is  not  associated  with  a  static  dipole,  but  with  the  onset  of  conventional 
ferroelectric  ordering  In  regions  which  are  of  a  size  to  be  unstable  against  thermal  vibrations. 
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A  problem  which  has  not  here-to-fore  been  efTectlvely  considered  is  that  of  how  the 
rhombohedral  and  tetragonal  phases  at  the  morphotroplc  phase  boundary  should  proportion 
themselves.  In  Appendix  19  Cao  and  Cross  show  that  the  lever  rule  which  is  frequently  used  is 
complete^  Invalid  for  the  PZT  case  and  that  m  fact  the  width  of  the  co-existence  region  is  a 
function  of  the  domain  (crystallite)  size,  golr^  to  zero  for  macroscopic  dimension. 

5J0  SELAZOR8  AND  REIATED  SYSTEMS 

An  excellent  account  of  the  complete  experimental  data  which  forces  the  conclusion 
that  the  relaxor  ferroelectrlcs  are  spin  glass  ^tems  is  summarized  tn  the  thesis  in  Solid  State 
Science  by  D.  D.  Vlehland.  The  abstract  for  the  thesis  is  included  as  Appendix  20.  the  full  thesis 
is  now  available  through  University  Microfilms. 

The  papers  published  on  the  analysis  of  dielectric  relaxation  In  Lead  Magnesium 
niobate  in  terms  of  the  Vogel-Fulcher  relations  Is  given  in  Appendix  21.  the  anelastic 
relaxation  and  its  close  correL.tlon  with  the  dielectric  response  in  Appendix  22  the  bias  field 
dependence  of  the  dielectric  response  and  its  relevance  to  the  local  polar  configurations  is 
discussed  In  Appendix  23  and  the  analysis  leading  to  the  conclusion  that  lead  magnesium 
niobate  Is  a  spin  glass  is  detailed  In  Appendix  24.  In  several  senses  this  work  does  we  believe 
put  the  capstone  upon  mote  than  20  years  of  continuous  study  of  the  dielectric  response  in  what 
have  come  to  be  called  the  relaxor  ferroelectrlcs. 

The  Tungsten  Bronze  structure  family  is  an  important  group  of  oxide  ferroelectrlcs  with 
structures  based  on  comer  sharing  oxygen  octahedra  and  the  frequent  occurrence  of 
Interesting  ferroelectric  and  relaxor  ferroelectric  properties.  The  structure  Is  more  complex 
than  the  perovsklte  and  of  lower  symmetry  (tetragonal  4/mmm  prototype)  but  again  the 
crystals  have  high  permittivity  and  strong  piezoelectric  effects.  A  composition  family  of 
special  Interest  Is  the  solid  solution  between  Lead  metanlobate  and  barium  metanlobate  (PBN). 
Appendix  25  reproduces  the  abstract  from  the  PhD  thesis  in  Solid  State  Science  by  Dr.  Ruyan 
Guo  which  involved  a  very  comprehensive  study  of  the  PBN  solid  solution  family.  The  work 
was  submitted  to  the  Perm  State  Campus  wide  Xerox  awards  committed  and  Judged  to  be  the 
best  PhD  thesis  submitted  tn  1991. 

PBN  Is  one  of  the  most  interesting  bronze  solid  solution  systems  since  It  embraces  a 
morphotroplc  phase  boundary  at  the  composition  Fbo.63Bao.37Nb206  separating  a  phase  with 
orthorhombic  and  a  phase  with  tetragonal  ferroelectric  domain  state  syrmnetry. 

Ruyan’s  studies  have  clearly  delineated  the  nature  of  the  MPB  and  the  orientations  of 
the  polar  vector  m  the  tetragonal  and  In  the  orthorhombic  ferroelectric  phases  (Appendix  26). 
It  Is  most  Interesting  to  note  that  both  tetragonal  and  orthorhombic  phases  show  relaxor 
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ferroeiectxlc  character  for  directions  perpendicular  to  the  dominant  polar  vector  direction  so 
that  one  must  conclude  that  in  these  solid  solutions  there  is  a  nanostructure  within  which  the 
true  symmetry  is  monocltnlc  and  the  polar  vector  tilted  slightly  away  from  the  high  symmetry 
direction  in  the  domain.  A  further  complexity  in  the  PBN  system  is  the  occurrence  of 
incommensurate  ferroelastlc  displacement  structures  (Appendix  27)  which  can  have  lock  in 
phase  transitions  even  above  the  ferroelectric  Curie  temperature. 

The  relaxor  PbSci/2Tai/203  in  the  perovskite  structure  family  is  unique  in  that  by 
ordering  the  Sc/Ta  cations  on  the  B  site  of  the  ABO3  structure  using  thermal  aimealing  it  is 
possible  to  go  continuously  from  well  defined  relaxor  response  to  a  sharp  first  order 
ferroelectric  phase  change.  Extensive  studies  by  Dr.  Jayne  Giniewicz  of  the  system 
PbSii/2Tai/203  :  PbTiOs  are  summarized  in  the  abstract  of  her  PhD  thesis  in  Solid  State 
Science  which  is  included  as  Appendix  28.  It  is  interesting  to  note  that  the  region  in  which 
ordering  may  be  changed  by  armealing  only  extends  up  to  7.5%  lead  tltanate  in  the  solid 
solution,  but  that  for  compositions  between  0.4  and  0.45  mole%  PbTlOs  a  morphotroplc  phase 
boundary  occurs  to  a  tetragonal  ferroelectric  region. 

Pyroelectric  studies  of  compositions  in  the  variable  order  region  up  to  7.5  mole%  lead 
tltanate  (Appendix  29)  show  very  high  sensitivity  and  properties  which  may  be  most 
advantageous  for  thermal  Imaging  ^tems.  It  is  evident  that  combinations  of  relaxor 
ferroelectncs  with  strong  ferroelectric  phase  can  give  both  interesting  piezoelectric  and  high 
sensitivity  p3rroelectric  properties.  Studies  of  the  polarization  behaviour  in  lead  magnesium 
niobate  :  lead  tltanate  solid  solutions  shows  that  high  figures  of  merit  can  be  achieved 
(Appendix  30). 

ao  PROCESSING  STUDIES 

For  the  lead  magnesium  niobate  ;  lead  tltanate  solid  solution  system  it  is  interesting  to 
explore  how  the  processing  temperatures  can  be  modified  by  glass  additives  (^pendlx  31). 
Studies  by  Srlkanth  and  Subbarao  suggest  that  high  density  perovskite  structure  compositions 
can  be  denslfied  at  800*C  to  yield  dielectric  properties  which  could  be  most  interesting  for  thick 
film  capacitors. 

To  expand  the  range  of  ferroelectric  properties  to  higher  temperature,  exploratory 
studies  are  being  carried  out  upon  the  Strontium  Pyronlobate  family  of  ferroelectrlcs.  The 
production  of  powders  and  of  grain  oriented  ceramics  of  La2'n207  is  reported  in  Appendix  32. 
Excellent  low  loss  dielectric  response  is  achieved  and  there  is  clear  evidence  of  strong  grain 
orientation.  Studies  are  now  being  extended  to  explore  possible  poling  methods  to  achieve 
piezoelectric  response. 
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Two  studies  relevant  to  the  production  of  ultra  fine  Lead  titanate  powders  by 
hydrothermal  methods  have  been  accomplished.  In  Appendix  33  the  effects  of  pH  and  of  H2O2 
upon  the  crystallization  of  Lead  titanate  in  a  hydrothermal  environment  are  delineated  and  in 
Appendix  34  the  kinetics  of  the  hydrothermal  crystallizations  are  explored  and  conditions 
delineated  which  permit  the  growth  of  uniform  crystallites  in  the  size  range  from  750  down  to 
20  nanometers. 

Two  studies  have  examined  the  possible  use  of  the  new  Yttrium  barium  cuprate 
superconductor  in  Its  metallc  phase  above  Tc  as  an  electrode  material  for  ferroelectric 
transducers.  Appendix  35  reports  studies  of  thick  films  of  YBCO  on  PZT,  PMN  ;  FT  and  Barium 
titanate  using  conventional  firing.  In  all  cases  these  was  evidence  of  interaction  between 
electrode  and  ceramic  with  the  minimum  adverse  effect  in  the  PCT  family.  Ebctenslon  of  these 
studies  using  rapid  thermal  processing  improved  niatters  significantly  (Appendix  36)  yielding 
strongly  adhering  coatings  with  performance  Identical  to  gold  electrodes  on  PZT.  but  still  some 
adverse  reaction  with  PMN  :  FT  compositions. 

To  improve  the  performance  of  the  oxide  electrodes  a  new  search  was  initiated  for 
sintering  aids  which  could  lower  the  temperature  for  denslficatlon  of  P27r.  Based  on  these 
studies  a  new  family  of  fluxes  has  been  discovered  which  permit  denslficatlon  at  950*C  without 
loss  of  properties.  These  fluxes  are  now  the  sub|ect  of  a  patent  disclosure  and  the  publication  is 
held  up  whilst  this  is  being  processed. 

7J0  FERRaELBCTRTCTHINnUlB 

Five  short  papers  which  stem  firom  work  outside  the  ONR  contract  are  included  because 
of  their  potential  interest  and  relevance  to  transducing  structures. 

In  Appendix  37  It  is  ^own  that  high  permittivity  PMN  ;  PT  solid  solutions  can  be 
deposited  by  sol-gel  spin  on  techniques  onto  platinum  electrodes  on  silicon,  which  would  hav^ 
interesting  potential  as  field  swltchable  piezoelectric  micro-actuators. 

In  the  PbZrOs  -  Pb(Zai/3Nb2/3)03  solid  solution  system  compositions  close  to.  but  on 
the  ferroelectric  side,  of  the  antlferrodectrlc  ;  ferroelectric  morphotropic  phase  boundary  have 
been  fabricated  in  thin  film  form  by  sol-gel  spin  on  processing  (Appendix  38).  The  excellent 
hysteresis  and  low  coerctvlty  suggest  strong  piezoelectric  response  and  the  possibility  of  high 
strains  in  antlferroelectrlc  :  ferroelectric  switching.  Such  switching  compositions  have  been 
realized  m  the  Pbo.97Lao.02  (Zri.x-yTlxSny)03  perovsklte  (Appendix  39)  and  do  show  the 
expected  high  strain  associated  with  induction  of  the  ferroelectric  phase. 
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Use  of  the  piezoelectric  response  in  conventional  PZT  thin  films  to  produce  micro- 
versions  of  the  flexure  surface  wave  piezoelectric  motor  are  discussed  in  Appendix  40.  and  the 
possible  application  of  such  motors,  to  microrobots  in  Appendix  41. 
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&0  PAPERS  PUSJLISUm^  IN  REPERRED  «JOURNA]LS 


1.  R.  E.  Newnham.  Advanced  Ceramics  (Electronic)  1.  601  (1991). 

2.  R.  E.  Newnham.  Tunable  Transducers:  Nonlinear  Phenomena  In  Electroceramics.  NIST 
PubL  804  (January  1991). 

3.  M.  Blasklewlcz.  R  E.  Newnham.  Q.  C.  Xu.  Tunable  lYansducers  as  Smart  Materials.  Proc. 
6th  Int.  Conference  on  Solid  State  Sensors  and  Actuators.  San  Francisco  (June  24-25. 
1991). 

4.  R  E.  Newnham.  Composite  Electroceramics.  International  Encyclopedia  of  Composites 
Vol.  6.  VCH.  New  York  (1991). 

5.  Q.  C.  Xu.  S.  Yoshikawa.  J.  R  Belslck  and  R  E.  Newnham.  ‘Piezoelectric  Composites  with 
High  Sensitivity  and  Hl^  Capacitance  for  Use  at  High  Pressure.*  IEEE  Trans.  UFFC  38  (6. 
634  (1991). 

6.  V.  Srlkanth  and  E.  C.  Subbarao.  ‘Acoustic  Emission  in  Ferroelectric  Lead  Titanate 
Ceramics:  Origin  and  Recombination  of  Microcracks.*  Acta  Met. 

7.  M.  Fukuhara.  A.  S.  Bhalla  and  R  E.  Newnham.  “Morphotroplc  Phase  Boundary  in  the 
Pb(2rxTli.]^03  System.’  Phys.  Stat.  Sol  (a)  122. 677  (1990). 

8.  W.  Cao  and  L.  E.  Cross.  *Theoiy  of  Tetragonal  Twin  Structures  in  Ferroelectric 
Perovskltes  with  First  Order  Phase  Trsmsltion,”  Phys.  Rev.  B  44.  5  (1991). 

9.  S.  Li.  W.  Cao  and  L.  E.  Cross.  *1110  Ebctrlnsic  Origin  of  Nonlinear  Behaviour  Observed  in 
Lead  Zirconate  Titanate  Ferroelectnc  Ceramics.*  J.  AppL  Phys.  69  (10).  7219  (1991). 

10.  S.  U.  W.  Cao  and  L.  E.  Cross.  ‘Stress  and  Electric  Displacement  Distribution  near 
Grlfilths  Type  m  Crack  Tips  in  Piezoceramics.*  Mat  Letters  10  (6),  219  (1990). 

11.  G.  A.  RossettL  Jr  and  L.  E.  Cross.  ‘Stress  Induced  Shift  of  the  Curie  Point  in  Epitaxial 
PbTlOS  Thin  Films.*  J.  AppL  Phys.  89  (20).  2524  (1991). 

12.  G.  A.  RossettL  Jr..  T.  Nishmiura  and  L.  E.  Cross.  *X-ray  and  Phenomenological  Study  of 
Lanthanum-Modified  Lead  Zlrconate-Titanates  in  the  Vicinity  of  the  Relaxor  phase 
transition  Region.*  J.  .^pl.  Pl^.  70  (3),  1630  (1991). 

13.  J.  R  Ginlewicz,  A.  S.  Bhalla  and  L.  E.  Cross.  *Pyroelectrlc  Response  and  Depolarization 
Behaviour  of  (l-x)PbSci/2Tai/2Q3  -xPbmOs  Materials,*  Ferroelectncs  118. 157  (1991). 

14.  D.  J.  Taylor.  D.  Damjanovlc  and  A.  S.  Bhalla.  ‘Pyroelectric  and  Dielectric  Properties  of 
PMN-Based  Ceramics  under  DC  Bias.*  Ferroelectncs  118. 143  (1991). 

15.  V.  Snkanth  and  E.  C.  Subbarao.  ‘Chemical  Reactions  of  Lead  Magnesium  Nlobate 
Titanate  in  the  Presence  of  a  Glass.*  J.  Mat.  Res.  6. 1  (1991). 

16.  P.  A.  Fulerer  and  R  E.  Newnham.  *La2Tl207  Ceramics.*  J.  Am.  Ceram.  Soc.  74  (1 1).  2876 
(1991). 

17.  G.  R  Fox.  J.  H.  Adair  and  R  E.  Newnham.  ‘Effects  of  pH  and  H2O2  Upon  Copreclpltatlon 
of  PfamOa  Powders.*  J.  Mat  ScL  28. 1 187  (1991). 
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18.  G.  A.  Rossetti,  Jr..  D.  A.  Watson.  R  E.  Newnham  and  J.  H.  Adair.  ‘Kinetics  of  the 
Hydrothermal  Crystallization  of  the  Peiovsklte  Lead  Titanate,’  J.  Crystal  Growth  116. 
251  (1991). 

19.  A.  Srtvastava,  A.  S.  Bhalla  and  L.  E.  Cross.  ‘A  Study  of  YiBa2Cu307.s  Thick  Films  on 
Ferroelectric  Substrates.”  J.  Am.  Ceram.  Soc. 

20.  A.  Srtvastava.  A.  S.  Bhalla  and  L.  E.  Cross.  ”yiBa2Cu307.x  as  an  Electrode  Material  for 
Ferroelectric  Devices.”  Fenoelectrlcs  123.  243  (1991). 

21.  R  Guo.  A.  S.  Bhalla  and  L.  E.  Cross.  ”iyroelectrlc  Properties  of  Lead  Barium  Nlobate 
Single  Crystals.”  Fenoelectrlcs  118,  77  (1991). 

22.  C.  A.  Randall.  R  Guo.  A.  S.  Bhalla  and  L.  E.  Cross.  ‘Mlcrostructure-Property  Relations  in 
Tungsten  Bronze  Lead  Barium  Nlobate  F1}i.xBsbcNb206.‘  J.  Mat.  Res.  6.  1720  (1991). 

23.  A.  S.  Bhalla.  R  Guo.  L.  E.  Cross.  G.  Bums.  F.  H.  Dacol  and  R  R  Neurgaonkar.  J.  Applied 
Phys.69(6)(1992). 

24.  D.  Vlehland.  S.  Jang.  L.  E.  Cross  and  M.  Wuttlg.  The  Dielectric  Relaxation  of  Lead 
Magnesitun  Nlobate  Relaxor  Ferroelectrics.”  Phil.  Mag.  B  64.  335  (1991). 

25.  D.  Vlehland.  S.  J.  Jang.  L.  E.  Cross  and  M.  Wuttlg.  ‘Anelastlc  Relaxation  and  Internal 
Strain  In  Lead  Magnesium  Nlobate  Ceramics,”  Phil.  Mag.  A  64  (4),  835  (1991). 

26.  D.  Vlehland.  S.  J.  Jang.  L.  E.  Cross  and  M.  Wuttlg.  ”Local  Polar  Configurations  In  Lead 
Magnesium  Nlobate  Relaxors.”  J.  Apfd.  Phys.  69. 414  (1991). 

27.  D.  Vlehland.  J.  F.  U.  S.  J.  Jang.  L.  E.  Cross  and  M.  Wuttlg.  ”Dipolar-Glass  Model  of  Lead 
Magnesium  Nlobate.”  Phys.  Rev.  B  43. 8316  (1991). 

28.  K.  R  Udayakumar.  J.  Chen.  P.  L.  Schuele.  L.  E.  Cross.  V.  Kumar  and  S.  B.  Krupanldhl. 
‘Polarization  Reversal  and  High  Dielectric-Permittivity  in  Lead  Magnesium  Nlobate 
Titanate  Thin  Films,”  Appl.  Phys.  Lett  9.  l  (1991). 

lOO  INVTIEO  PAPERS  PRESENTED  AT  NATIONAL  AND  INTERNATIONAL  BOEBTINGS 

1.  R  E.  Newnham.  ”Slze  Effects  In  Ferroelectric  Films,”  5th  International  Congress  on 
Ultra  Structure  Processing.”  Orlando,  Florida  (February  14.  1991). 

2.  R  E.  NewnhairL  ”Smart  Materials,”  Sensors  1991,  San  Francisco  (Jime  27. 1991). 

3.  R  E.  NewnhanL  ”Electroceramlcs  In  the  1990s  and  Beyond.”  Keynote  Address  European 
Ceramic  Society.  Augsburg.  Germazry  (September  11.  1991). 

4.  R  E.  Newnham.  ”Smart  Ceramics.”  Centennial  Meeting  of  the  Japan  Ceramic  Society. 
Yokohama,  Japan  (October  16. 1991). 

5.  R  E.  Newnham.  ”Blomlmltlc  Sensors  and  Actuators.”  Materials  Research  Society. 
Boston  (December  1991). 

6.  K.  R  Ud^akumar.  A.  M.  Flynn.  J.  Chen  and  L.  E.  Cross.  ”Ferroelectrlc  PZT  Thin  Films 
for  Mlcroelectromechanlcal  Applications.”  MEMS  91.  Nara.  Japan  (January  31.  1991). 
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lao  UrVITED  PAPERS  PRESENTED  AT  NATIONAL  AND  INTERNATIONAL  BIEETINGS 

7.  L.  E.  Cross.  “A  Dipolar  Glass  Model  for  Relaxor  Ferroelectncs.'*  EMF7  European  Meeting 
on  Ferroelectncs.  D^on.  France  (July  1991). 

8.  L.  E.  Cross.  “Piezoelectric  Ceramics  and  Composites  for  Advanced  Sensors  Actuators  and 
Smart  Materials.*  EPFL  Lausanne  Symposium  on  Materleux  pour  les  besoins  de  demain 
(June  6. 1991). 

9.  L.  E.  Cross.  “High  Strain  Actuators  for  Optical  Applications.”  SPIE  Mtg..  San  Diego  (July 
24. 1991). 

10.  L.  E.  Cross.  “Possibility  of  Super  Responses  In  Ceramics.”  Gordon  Conference  on 
Ceramics.  Holderness.  Plymouth  (July  29. 1991). 

11.  L.  E.  Cross.  “Actuator  Materials.”  ADPA/AIAA/ASME/SPIE  Conference  on  Active 
Materials  and  Adaptive  Structures  (November  1991). 

12.  L.  E.  Cross  and  Q.  Jiang.  “Fatigue  Effects  in  High  Strain  Actuators.”  2nd  US/Japan 
Conference  on  Adaptive  Structures.  Nagc^.  Japan  (November  12.  1991). 


lUO  CONTRIBUTED  PAPERS  AT  NATIONAL  AND  INTBRNATIONAL  BSEBTINGS 

93rd  Amencan  Ceramic  Society  National  Meeting,  Cincinnati.  Ohio  [April  29.  1991). 

1.  The  EatriaalcCoittxlbittkHis  to  PtesodectrlcEflEects  In  Ferroelectric  Ceramic.  W.  Cao  and 
L.  E.  Cross.  Penns^vania  State  Unlverstty.  University  Park.  PA. 

2.  Synthesis  of  Rddgi/aiNba/sQstnsN)  Using  a  Novel  PerooEO-Cltrate  Process. 

D.  S.  Applegate.  J.  J.  Kingsley.  G.  L.  Messing  and  W.  Huebner.  Pennsylvania  State 
University.  University  Park.  PA. 

3.  Effect  of  Seeding  on  the  OrystalHntlon  of  Lead  Magneslmn  Nlobate  (PMN)  Gels. 

P.  Ravindranathan.  S.'  Komamenl.  A.  S.  BhaUa  and  R  Roy.  Permsylvanla  State 
University.  University  Park,  PA. 

4.  Particle /Grain  Siae  Dependence  of  Peiro-  and  Antlfeiroelectriclty  (Invited  Paper). 

K.  Uchlno.  Sophia  Unlverstty.  Toltyo.  Japan. 

5.  Electfofhcoleglcai  Fihril  Ponnatiaa  and  Its  Application  to  Etectroceramlc  Composites 
(Invited  Paper).  C.  A.  Randall.  D.  V.  Miller,  and  A.  S.  BhaUa.  Pennsylvania  State 
Unlverstty.  University  Park,  PA;  and  J,  H.  Adair.  University  of  Florida.  Gainesville.  FL. 

6.  An  EapMcalRelatlonahtyfiDr  Predicting  the  Dielectric  Constants  of  Oxides. 

K.  A.  Markowskl.  V.  Sundar  and  R  E.  Newnham.  Pennsylvania  State  University, 
University  Park,  PA. 

7.  Iflcionave  Properties  of  O'S  snd  I'S  Composite  Materials.  F.  G.  Jones.  C.  A.  Randall  and 
S.  J.  Jang.  Permsylvanla  State  University.  University  Park,  PA. 
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IIjO  contributed  papers  at  NAnONAL  AND  INTERNATIONAL  BflEETINGS  (continued) 


93rd  American  Ceramic  Society  Natlanal  Meeting.  Cincinnati,  Ohio 
(April  29,  1991)lcontinuedJ. 

8.  Proceie  Property  RelntUme  In  Pior-Based  Cenunlcs.  U  Kumar,  M.  Megherhl  and 

J.  P.  Dougherty,  Penn^lvaziia  State  University.  University  Park.  PA:  and  A.  Halllyal. 
The  DuPont  Campaoy.  Wilmington,  DB, 

9.  High  Tempemtnie  Ihennal  Mechnnism  of  Perovsklte  Relazor  Fenoelectrlcs. 

L.  M.  Kamdar.  H.  Takahara,  A.  S.  Bhalla  and  R.  E.  Newnham,  Pennsylvania  State 
University,  University  Park,  PA 

10.  Electiooptlc  Effects  in  the  Ceiamle  FbCMgi/3Nb2/3)03.  nnos  Syatem.  D.AMcHeniy. 

S.  J.  Jang  and  A.  S.  Bhalla.  Pennsylvania  State  University.  University  Park.  PA 

11.  The  Ride  of  lithfnmlOtrnte  in  Lowering  the  Sintering  Tempeimtnre  of  Lead  Blagnesinm 

Nlobate-Based  Ceramics.  M.  H.  Megherhl.  J.  P.  Dougherty  and  R  E.  Newnham, 
Pennsylvania  State  University.  University  Park,  PA  and  G.  O.  Dayton.  Vitramon,  Inc. 
Bridgeport.  Ct 

12.  Measurement  of  Pleaoelectrlc  CoefRclents  Using  Laser  Interferometry.  K.  W.  Gachigi.  A 
S.  Bhalla  and  L.  E.  Cross.  Pennsylvania  State  Unlveislty.  University  Park.  PA 


13.  Hydrothermal  Synthesis  of  PZT  (R)(ZrojS3Tlo.48)03)  Powders.  J.  P.  Witham. 

P.  Ravtndranathan  and  J.  P.  Dougherty,  Pennsylvania  State  University. 

Umversity  Park,  PA 

14.  Electric  Fatigue  In  Ferroelectric  PLZT  Ceramics.  Q.  Y.  Jiang.  L.  E.  Cross  and  S.  B. 
Krupanidhl,  Pennsylvania  State  Universtty.  University  Park.  PA 


15.  Grain  Stse  Effects  in  PZT  Baaed  Ceramics.  N.  Kim.  J.  T.  Fielding,  S.  J.  Jang  and 

T,  R  Shrout,  Pennsylvania  State  University,  University  Park,  PA 

16.  Characterisation  of  Ferroelectric  Surfaces  and  Thin  Films  by  Spectroscopic 
Bllipsometry.  S.  E.  Troller-McKlnstry.  P.  Chindaudom  and  R.  E.  Newnham, 
Pennsylvania  State  University.  University  Park.  PA 

17.  The  Dielectric  Disperahm  of  RdasorFerroelectrlcs.  D.  t^ehland.  S.  J.  Jang  and 

L.  E.  Cross,  Pennsylvania  State  University.  University  Park,  PA  and  M.  Wuttlg. 
University  of  Maryland.  College  Park.  MD. 

18.  Ferroeleetrlc  Thin  FUms  •  Current  Status  and  Future  Prospects  (Orerview)  (Invited 
Paper).  L.  E.  Cross.  Pennsylvania  State  universtty.  University  Park.  PA 

19.  Synthesis  of  BallDsHy  a  Modified  Cttrate  Gel  Method.  S.  Kumar.  G.  L.  Messing  and 
W.  Huebner.  Penntylvanla  State  University.  University  Park,  PA 

20.  rVMiwMiHwMl  Piwy—thiM  af  intre-Fine  Ctained  BaTlO^  Cemmic. 

U.  Kumar  and  J.  P.  Dougheity.  Pennsylvania  State  University.  University  Park,  PA 
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IIjO  COMTRlBirrED  PAPERS  AT  NATIOKAL  AND  INTERNATIONAL  UBBTENGS  (contlnaed) 

93rd  American  Ceramic  Society  National  Meeting,  Ctncmnati,  Ohio 
lAprtL  29.  1991)[contlnuedJ. 

21.  Optical  and  BtoetfOOptlcPropertlM  of  Lead  BntnmNUlbatefPBN)  angle  Ciystals.  RGuo, 
D.  A.  McHeniy.  A.  S.  Bhalla  axid  L.  E.  Cxoss,  Penn^lvanla  State  University.  University 
Park,  PA. 

Papers  Presented  at  the  Materials  Research  Society  Meeting,  Boston  (December  1991). 

1.  CiyatalliMtion  Dynamlca  and  Rapid  TliennalAnncaHns  of  PZT  Thin  Flhna. 

Jlayu  Chen.  Keith  G.  Brooks.  K.  R  Udayakumar  and  L.  Eric  Cross.  Pennsylvania  State 
University.  Materials  Research  Laboratory.  University  Park.  PA 

2.  Piesoelectrie  Tliin  Film  Dltrasonle  lOcnmoton.  K.  R  Udayakumar.  J.  Chen.  K.  G. 
Brooks  and  L.  E.  Cross.  Pennsylvania  State  University.  Materials  Research  Laboratory. 
University  Park.  PA  A  M.  Ftyrm.  S.  F.  Bart.  L.  S.  Tavrow.  R  A  Books.  Massachusetts 
Institute  of  Technology.  AI  Laboratory.  Cambridge.  MA  and  D.  J.  Ehrlich.  Massachusetts 
Institute  of  Technology.  Lincoln  Laboratory.  Lerdngton.  MA 

3.  Bloctron  Cyclotron  Resonance  (BCR)  Plasma  Assisted  Growth  of  Ferroelectric  Thin 
FUma.  John  R  Belsick.  Nick  Maffei  and  S.  B.  Krupanldhl.  Pennsylvania  State 
University.  Materials  Research  Laboratory.  University  Park.  PA 

4.  Propertleo  of  PZT  Thin  Films  with  Glass  Additives  Prepared  by  the  Sol-Gel  Process. 

Keith  G.  Brooks.  Jlayu  Chen.  K.  R  Udayakumar  and  L.  Eric  Cross.  Penn^lvanla  State 
University.  Materials  Research  Laboratory.  University  Park.  PA 

5.  Ferroelectric  Thin  Flhns  for  Ifieroactnator  Applications.  Jlayu  Chen.  K.  R 
Udayakumar.  Keith  G.  Brooks  and  L.  Eric  Cross.  Pennsylvania  State  University. 
Materials  Research  Laboratory.  Untveraity  Park,  PA 

6.  Ferroelectric  Switching  In  Lead  Zirconate-Lead  Zinc  Nlobate  Thin  Films.  K.  R 

Udayakumar.  Jlayu  Chen.  Keith  G.  Brooks  and  L.  Eric  Cross.  Pennsylvania  State 
University.  Materials  Remarch  Laboratory.  University  Park.  PA 

7.  Modified  Tetragonal  Lead  asconate  Titan  Stannate  Thin  Filnu  Prepared  by  Sol-Gel 
Process  Large  Strain  Microactoator  Applicatioas.  Keith  G.  Brooks.  Jlayu  Chen,  K.  R 
Udayakumar  and  L.  Eric  Cross.  Pennsylvania  State  University.  Materials  Research 
Laboratory.  Untverstty  Park.  PA 

Invited  Presentations  at  Untoerstty,  Industry  and  Government  Laboratories. 

1.  January  8.  1991.  "Nanoconapoettes.*  R  E.  Newnham.  National  Materials  Advisory  board 
Meeting  on  Hierarchical  Materials.  Washingtoa,  D.C. 

2.  February  14.  1991.  "Smart  Ceramics.*  R  E.  Newnham.  Acoa  Research  Center  Seminar. 
Alcoa  Center.  Pittsburgh.  PA 

3.  March  19,  1991.  "Smart  Materials.*  R  E.  Newnham.  IBM  Research  Laboratory  Seminar. 
White  Plains.  NY. 
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11^  CONTRIBUTED  PAPERS  AT  NATIONAL  AND  INTERNATIONAL  MEETINGS  (contiiiued) 

InvUed  Presentations  at  University,  Industry  and  Government  Laboratories  (continued). 

4.  March  21.  1991.  "Smart  Ceramics."  R  E.  Newnham.  General  Motors  Research  Laboratory 
Seminar.  Detroit.  MI. 

5.  April  8.  1991.  “Smart  Ceramics."  R  E.  Newnham.  Dept,  of  Materials  Science.  University 
of  Illinois.  Champalgn-Uihana.  IL. 

6.  April  17.  1991.  "Integrated  Electroceramics."  R  E.  Newnham.  Lubrlzol  Research 
Laboratory  Seminar.  Cleveland.  OH. 

7.  April  22.  1991.  "Flextenslonal  Transducers  and  Actuators."  R  E.  Newnham.  ONR 
Piezoelectric  Transducer  Meeting.  Penn  State. 

8.  April  27.  1991.  "Smart  Materials."  R  E.  Newnham.  JASON  DA..RP.A.  Meeting. 
Washington  D.C. 

9.  May  7.  1991.  "Smart  Materials."  R  E.  Newnham.  Center  for  Dielectric  Studies.  Penn 
State. 

10.  May  24.  1991.  "Composite  Piezoelectrics."  R  E.  Newnham.  United  Technologies  Research 
Center,  e.  Hartford.  Connecticut. 

11.  June  4.  1991.  "Ferroelectric  Materials."  R  E.  Newnham.  Materials  Research  Society. 
Arlington.  TX  (invited). 

12.  June  11-13.  1991.  "Composite  Sensors  and  Actuators"  and  "Smart  Ceramics."  R.  E. 
Newnham.  Two  seminars  at  the  Houldsworth  School  of  Materials.  Leeds  University. 
Leeds.  UK. 

13.  June  20.  1991.  "Smart  Ceramics."  R  E.  Newnham.  G.E.C.  Marconi  Research  Laboratory. 
UK 

14.  July  18.  1991.  "Smart  Materials."  R  E.  Newnham.  DJLRPJV  Materials  Meeting,  San 
Diego.  CA. 

15.  July  19.  1991.  "Electrostzlctlon."  R  E.  Newnham.  JASON  Meeting.  San  Diego.  CA 

16.  September  6.  1991.  "Composite  Ferroelectrlcs."  R  E.  Newnham.  International  Summer 
School  on  Ferroelectriclty.  Ascona.  Switzerland  (Invited). 

17.  September  9.  1991.  "Smart  Ceramics."  R  E.  Newnham.  Seminar  a"  Asea.  Brown.  Boverl 
Research  Laboratory  (ABB).  Baden.  Switzerland  (invited). 

18.  September  24.  1991.  "Smart  Ceramic  Devices."  R  E.  Newnham.  Electrical  Engineering 
Department  Seminar.  Syracuse  Univeraity. 

19.  October  9.  1991.  "Ferrolc  Nanoconposltes.'  R  E.  Newnham.  DA.RPA.  Annual  Meeting. 
Alexandria.  VA 
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1U>  OOm'RlBiriEU  papers  at  national  and  international  meetings  (continaed) 
Invited  Presentations  at  UnUiersIty.  Industry  and  Government  Laboratories  (continued^. 

20.  October  21,  1991.  ‘Smait  Ceramics,"  R.  B.  Newnham,  Seminar  at  Kyocera  Co., 
Kagoshima.  Japan. 

21.  October  31.  1991.  "Smart  Ceramics."  R  E.  Newnham.  Speech  at  Chemically  Bonded 
Ceramics  Center,  Penn  State. 

22.  November  3.  1991.  "Smart  Electoceiamlcs."  R  E.  Newnham,  ONR  Workshop  on  Robotic 
Actuators.  Alexandria.  VA  (Invited). 

23.  November  4*8.  1991.  International  ^rmposlum  on  Active  Materials  and  Adaptive 
Structures.  Alexandria.  VA.  Tutorial  Worktop  on  Piezoelectricity  and  Electrostrlctlon. 
L.  E.  Cross.  R  E.  Newnham  and  R  Uchmo  (Invited).  "Piezoelectric  and  Electrostrlctlve 
Composites  Actuators,"  R  E.  Newnham.  Q.  C.  Xu  and  S.  Yoshikawa. 

24.  November  13.  1991.  "Smart  Materials."  R  E.  Newnham.  Materials  Research  Society. 
Pittsburgh  Chapter  (invited). 

25.  November  14.  1991.  "Recent  Advances  In  Packaging  Materials."  R  E.  Newnham.  Alcoa 
Research  Seminar  (invited). 

26.  February  3-5.  1991.  "A  Dipolar  Glass  Model  for  Relaxor  Ferroelectrlcs."  D.  Vlehland.  S. 
J.  Jang.  M.  Wuttlg  and  L.  E.  Cross,  Lehlgh/ONR  Workshop  on  Fundamental  Experiments 
in  Ferroelectnclty.  Vnillamsbvug.  VA. 

27.  "Twin  Structures  and  Their  Contributions  to  Piezoelectric  Effects  in  Ferroelectric 
Ceramics."  W.  Cao  and  L.  E.  Cross. 

28.  February  19,  1991.  "Relaxor  Ferroelectrks."  L.  E.  Cross.  Arizona  State  University. 

29.  September  2.  1991.  "Ferroelectric  Ceramics:  Tailoring  Properties  for  Specific 
Applications."  L.  E.  Cross.  2nd  International  Ferroelectric  Summer  School.  Ascona. 
Switzerland  (Invited). 

30.  October  30.  1991.  "Photorefractlve  Fibers,"  L.  E.  Cross.  DARPA  Eye  and  Sensor 
Protection  Review,  Arlington.  VA. 

31.  Marct*  26.  1991.  "Sensor  and  Transducer  Material  at  Penn  State  MRL,"  J.  Dougherty, 
Ford  Motor  Co.  Electronics  Technical  Center  (Invited). 

32.  August  7.  1991 .  J.  Dougherty,  Seminar  at  General  Motor  AC  Rochester  Technical  Center. 

33.  September  4-5,  1991.  J.  Dougherty.  ARO  Workshop  on  Smart  Materials  for  ResUlant 
Structiue.  Research  Triangle,  NC. 

34.  September  6.  1991.  "Piezoelectric  Transducer  Materials,"  J.  Dougherty.  EPRI  Workshop. 
Washington,  DC  (invited). 

35.  October  14.  1991.  "Electronic  Ceramics  at  MRL."  J.  Dougherty,  Seminar  to  Lord 
Corporation.  State  CoU^e.  PA. 
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1U>  CONTRIBUTED  PAPERS  AT  NATTOMAL  AND  DiTBRNATIONAL  MEETINGS  (continued) 
Invited  Presentations  at  University,  Industry  and  Government  Laboratories  (continued). 


36.  November  13,  1991.  ‘Electronic  Ceramics  at  MRL."  J.  Dougherty,  Seminar  at  DSM 
Technical  Center,  Gdeen,  Netherlands  (invited). 
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Ferroelectric  oxide  cexaznlcs  are  used  in  a  very  broad  range  of  functional 
ceramics  and  form  the  materials  base  for  the  majority  of  electronic  applications. 
These  electronic  applications  account  for  more  than  60%  of  the  total  high  technology 
ceramics  market  worldwide.^  It  is  the  purpose  of  this  tutorial  paper  to  ^rairun^  the 
range  of  physical  properties  which  make  the  ferroelectrlcs  attractive  for  electronic 
applications  and  the  techniques  which  can  be  used  to  modify,  control  and  optimize 
these  famines  of  properties. 

Major  applications  can  be  divided  into  five  distinct  areas  which  draw  upon 
dlflerent  combinations  of  properties. 

Dlekctilc  applications  make  use  of  the  very  high  dielectnc  pennlttivtty  ey.  low 
dispersion  and  wide  frequent  range  of  response  for  compact  c^iacitocB  m  multilayers. 

and  thin  film  forms.^  Nonlinear  hysterltic  response  is  of  interest  also  for  thin 
film  nonvolatile  semiconductor  memory.^  and  high  permittivity  films  are  of  interest 
for  local  capacitance  in  high  count  DRAMs  and  both  on  and  off  cfa^  In  packaging.* 

PlezoelecCnc  and  Electrostrlctive  responses  in  poled  and  unpoled  ferroelectric 
and  relazor  ferroelectne  cmqKMitlons  are  of  Importance  in  Transducers^  for 
converting  electrical  to  mechanical  response.^  and  vice  versa.^  Sensor  applications 
wiakg  use  of  the  very  high  plezoetectrlc  constants  dyko^  flic  converse  effect,  which  also 
permit  efficient  conversion  of  electrical  to  mechanical  response.®  For  Actuation  the 
strong  basic  electrostrlctive  coupling  can  be  eiqilolted  for  very  high  precision  position 
control®  and  the  possibility  of  phase  and  domain  switching  with  shiqie  memory  used  in 
polarization  con^olled  actuatlorLf® 

Ifyroelectxlc  systems  refy  upon  the  strong  temperature  sensitivity  of  electric 
polarization  (dP«/dT).ff  the  pyroelectric  effect  in  ferroelectrlcs.  for  the  bokxnetrlc 
detection  of  kmg  wavelength  mfia  red  HR)  radiation,  Simple  point  detectors  are 
wldefy  used  in  domestic  a^  industrial  apiriicationsf®  and  there  is  now  a  strong  focus 
upon  imaging  systems  vdiich  m^  be  us^  for  nigh  vision^*  and  for  thermal-medical 
diagnoaties.^ 

P.T.C.  semiconductors  are  a  specialized  area  of  application  In  which  the  barrier 
to  charge  transport  at  the  ceramic  grain  boundary  m  specially  processed  barium 
titanate  based  ceramics  is  controlled  by  the  polarization  state  of  the  ferroelectric,  f® 
giving  rise  to  an  extremely  strong  positive  temperature  coeflBclent  of  resistivity  (PTCR 
effect)  controlled  by  the  Curie  point  of  the  ferroelectric  composltiorLf*^ 

In  Electro-optic  applications  the  properties  of  interest  are  the  high  quadratic^ ® 
and  linear^®  electro-optic  coefBdents  (ryk.  gyiri)  which  occur  In  ferrodectrics  and  the 
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tniittrwr  In  which  these  can  be  controlled  In  modulators.^^  switches.^^  guided  wave 
structures  and  photo-refiacttve  devices.^ 

In  this  tutorial,  the  dielectric,  piezoelectric  and  electrostrlctlve  applications 
will  be  the  focus,  but  the  techniques  examined  to  modify  and  improve  prop^es  will 
also  be  vaUd  for  mar^  of  the  other  material  needs. 

Considering  the  nature  of  the  properties  to  be  optimized  two  Inqiortant  features 
win  be  stressed.  Ftrstfy  the  interest  Is  in  bulk,  lattice  properties  cootroBed  largefy  by 
the  crystal  structure  of  the  ceramic.  Secondly  In  every  case  It  Is  augmented  ctanpUance 
(softness)  which  Is  of  Interest,  m  contrast  often  to  the  structural  ceramics  adrere  it  Is 
stlfbesses  which  must  be  augmented.  It  follows  then  that  Instablllfy  of  the  lattice  wlU 
be  of  Importance,  since  this  engenders  compliance,  and  thus  phase  changes  which  are 
the  finger  prints  of  instability  win  be  of  major  importance.  Prequentfy  to  improve 
properties  then,  we  are  looldirg  to  ezplott  and  control  solid  state  phase  transitions. 

Clearly  a  bounding  condition  is  that  the  crystal  structure  must  permit 
ferroekctrlclty  in  a  useful  r^ion  of  teixqierature  and  pressure,  and  must  be  of  a  type 
which  can  be  exploited  in  the  simple  polycxystal  ceramic  form.  In  fact,  aft  of  the 
structures  of  interest  are  based  on  regular  arrays  of  oxygen  octahedra.  and  the  simple 
perovsldte  structure  is  certainly  the  most  widely  used. 


2jo  arapciTOE  I’HPES  or  iwiemot 

Ibe  interesting  oxygen  octahedron  structures  whkh  show  strong  ferroekctrlc 
properties  with  high  usable  temperature  ranges  are  all  baaed  upon  comer  linking  of 
oxygen  octahedra.  The  simplest  arrangement  Is  the  very  w^  known  perovsldte 
structure  Fig.  2.1  where  the  octahedra  are  linked  m  a  regular  cubic  array  forming  the 
high  symmetry  m3m  prototype  for  many  ferroelectnc  forms.  The  small  6  fold 
coordinated  site  in  the  center  of  the  octahedron  Is  flOed  by  a  small  hlghfy  charged  (3.4.5 
or  6  valent)  cation  and  the  larger  12  fdd  coordinated  'interstitial'  site  between 
octahedra  carries  a  larger  mono,  dl  or  trtvalent  catkm.  or  Is  cmpfy  as  In  WO3. 

The  perovsldte  structure  Is  a  common  stable  form  for  many  doubte  oxides,  but 
ferroelectncl^  was  not  discovered  In  the  fionlly  until  the  earfy  1940s,  when  Walner 
and  Soloman^^  in  the  USA,  Ogawa^  m  Japan  and  Wul  and  Goldman^  m  the  USSR 
mad«»  ahtmwt  slmultaneoua  discovery  c£  fenoelectzlclty  m  barium  tltanate  BaTlOs.  The 
US  study  was  part  of  a  'crash'  program  durhag  World  War  n  to  discover  a  ceramic 
substitute  for  ntfca  which  was  brtng  eadiauated  by  rapidly  caicalatlng  mllltaiy  needs.  It 
Is  perhaps  Interesting  to  note  that  BanOswlildi  was  the  highlight  of  these  early  studies 
is  still  the  base  for  the  composition  of  most  of  the  world’s  ceramic  capacitors.  An 
interesting  documentation  of  early  work  in  Jmwn  has  been  carried  forward  by  Murats 
Company  and  Is  now  available  in  book  fotm*^  for  those  weU  versed  in  the  language. 
Perhaps  now  it  may  be  possible  to  catalogue  more  completely  the  Soviet  contribution  to 
complete  the  early  history  of  the  tttanatcs.  Structural  mibnnation  for  a  very  broad 
range  of  perovskttes  Is  available  In  the  earfy  book  by  Galasao.^^whlch  is  lum  being 
revised  and  updated.  Certainly  the  most  complete  trustworthy  cataloguing  ai 
ferroelectric  oxide  perovskttes  is  given  m  the  Landolt  Bomsteln  VoL  16a  on  oxide 
fenoelectncs.^  This  t«buiate«  more  than  100  perovskite  compounds  and  inumerable 
solid  solutions  between  oompmmds. 
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F<({.2.1  nie  unit  cell  for  a  typical  cubic  perovsldte  bazluzn  tltanate  In  the  cubic  PmSm 
prototyplc  phase  above  Tc- 
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Fig.  2.2  Projection  down  the  c(3)  aods  xd  a  unit  cell  m  the  tungsten  bronze  structure. 
Site  locations  are  marlced  and  the  structure  related  fommla  Is  given.  Roman 
superscripts  mark  the  ooonltnatlon  of  the  kms  at  each  site  location. 
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Of  major  importance  in  ceramic  dielectric  applications  axe  BaTtOs  and  solid 

sdutlons  with  SxTlOa.  PbllOs.  BaZtOs.  BaSnOs.  CaTlOs . and  a  range  of  bismuth 

oadde  based  modlflen.  In  piezoelectrics  the  higher  Curie  points  In  the  FbnOarPbZiOs 
solid  solutions  and  the  unusual  ferroelectric  phase  makeup  are  vital  and  In  both 
dielectric  and  electrostrtcttve  application  the  PblBiB^JOa  mixed  cation  compositions 
are  becoming  df  mcreaalng  Interest  where  Bi  may  be  Fe.  SU  Mg.  Zn.....  and  B2.  Tl.  Zr. 
Nb.Ta.W....etc. 

In  current  electronic  ceramic  applications  only  perovsldte  structure 
compositions  are  used,  however  arith  Increasing  sophistication  In  ceramic  processing  it 
Is  probably  that  strong  grain  oriented  striicturea  may  become  practicable.  The  newer 
thin  Aim  structures  also  provide  avenues  for  orientation  using  topotactlc 
configurations  on  suitable  substrates,  so  that  fenoelectrtcs  from  lower  prototyplc 
symmetries  may  become  of  interest  in  ceramics. 

The  next  most  versatile  structure  family  are  the  Tungsten  Bronze  structure 
ferroelectrlcs  with  the  octahedron  arrangement  In  fig.  2.2  .  The  rotations  of  the 
octahedra  evident  m  the  ab  plane  of  the  structure  m  2.2  reduce  the  point  symmetry  to 
tetragonal  (4/mzxnn)  wtth  layers  stacked  m  regular  sequence  along  the  4  fold  (c)  axis. 
The  arrangement  distinguishes  two  inequlvalent  6  fold  coordinated  B  sites  at  the 
centers  of  Inequlvalent  octahedra  with  5.  4  and  3  sided  tunnels  for  the  A  site  cations 
eatt#»nding  along  the  c  axis  gtvtng  the  structure  related  formula  for  the  bronzes. 


(Ajf  • 

The  bronzes  are  a  very  rich  family  of  oxide  ferroelectrlcs  with  Curie 
temperatures  reaching  up  to  560’C  and  more  than  85  compounds  in  the  most  recent 
survey.^  Again  there  ts  very  extensive  aoUd  sohition  between  end  members^  and  the 
open  nature  of  the  structure  as  compared  to  the  pexovsktte  permits  a  very  wide  range  of 
cation  and  anion  subatltutlona  without  loss  of  femelectrlclty. 

The  bismuth  oxide  layer  structures  for  which  Bt4Tl30i2  is  the  prototype  ate 
depicted  m  fig.  2.3  and  have  structures  baaed  on  comer  linked  perovsldte  Uke  sheets, 
separated  by  blaanith  oxide  (Bl202)^  fryers.^*  Compositions  with  1.2.3. 4  and  5  layers 
are  known  and  there  is  Umlted  mutual  solid  sohiblltty.^ 

The  iithum  nfobate  structure  is  realty  a  variant  of  the  perovsktte  fig.  2.4  and  a 
much  more  restrictive  arrangement,  so  that  onty  UNbOs.  UTaOs  and  a  very  limited 
range  of  solid  sbhitlans  based  on  these  compounds  have  this  fonn. 

In  what  follows,  the  discussion  Is  centered  on  qrstems  with  the  perovsldte 
structure. 


SO  PHASE  TRAMSmORS  nr  PBSOVBSrm 


Three  different  types  of  phase  transitions  are  Interest  in  the  perovsldtes. 
starting  from  the  highest  aymmetxy  cubic  form. 

•  Simple  proper  ferroelectxic  transitions  leading  to  fulty  ferroelectric  partlcalty 
ferroelastic  spedea. 
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Fig.  2.3  One  half  of  the  tetr^onal  (4/innin)  unit  cdl  of  FbB^Nb209.  A  denotes  the 
penivaktte  doubk  Vm  (PbNbiOT)?*:  B  denotes  a  hypothetical  FbNbOs:  C 
denotes  the  CBlaOa}^  tagreta. 


Fig.  2.4  Stiucture  of  feixndectitc  LINbOs  axid  LfEhOs  (4(M. 
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AnMfertoelectrtc  transtUons  close  in  free  cneiar  to  the  ferroelectric  forms,  giving 

iSe  to  lirteresung  dlekctxic  and  to  improper  ferroelastlc  species. 


nrvaen  octahedron  tilting  transitions  which  can  occur  independently,  or  in 
with  either  ferroelectric  or  antlfcnoelectnc  forma. 


Most  irrp"***"*  for  their  profound  influence  on  the  dlekctrlc  polarteablUty  and 
resultant  Spence  of  polar  variants  are  the  simple  proper  fOTodectilc  transitions. 

of  and  of  Shu«lov3»  u»  U(I>  oynmetiy 

cubic  i^mprobwa  con  gore  floe  to  ota  diffennt  polar  species  fTeble  3.  II.  ff’sj'oow 
duecuons  of  polarization  which  are  specified  with  respect  to  dements  of  the 
symmetry  form  the  domain  states  of  the  ferrodectrlc  form  in  each  case  giving  6.  12.  8. 
24. 24  and  48  polarlzatlan  dhecUona  respectively. 

TABLE  3.1 

Ferrodectrlc  ph****  transtfiona  possible  from  the  cubic  m3m  prototype 
following  the  sytxibollsm  of  Shuvalov. 


Phase  Symmetry, 

Components 

■Shn^alnv  5pttci^ 

Cubic 

m3m 

Pj  s  P}  s  P5  a  0 

Prototype 

Tetragonal 

4mm 

ni3m(3)D4F4mm 

Orthorhombic 

inin2 

Pi»P5aO  Pi«0 

in3m(6)D2Fmm2 

Rhombohedral 

3ro 

pf  S  pj  ■  pj  0 

m3m(4)D3F3m 

Monoclioic 

m 

Pi^Pif^o  PJ*o 

m3in{12)A4Fm 

Moooclinic 

m 

pj.piso  Pi^»o 

Pi  1*11 

m3m(12)A2Fm 

TricUnic 

1 

in3ni(24)AlF 
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Cleaify  for  a  randomly  axed  polycxystalllne  ceramic  form,  the  more  swttchable 
states,  the  easier  it  will  be  to  'thread"  polarization  through  the  sample. 
Suxpilatt^  however,  even  thou^  permitted  by  ayounetry.  there  have  been  no  cases 
reported  of  transitions  into  mon^llnic  or  tncll^  aynimetnes  in  the  perovakltes  even 
such  states  would  be  higt^y  «lvantageous  for  ceramics. 

In  marry  Instances  the  ferroelectric  variant  is  not  stable  over  the  whole 
temperature  range  below  the  flrat  fenroelectrlc  Curie  point  transition  and  the  structure 
may  go  succcssIvely  into  lower  qmnnetry  species.  The  sequence  of  transitions  in 
barium  titanate.  which  la  the  baM  composition  for  most  dielectric  applications  Is 
shown  in  0g.  3.1a.  Successive  transitions  on  codling  take  the  domain  ^mmetry  to 
tetragonal,  orthorhombic  and  ihocdbohedral.  A  very  simple  Landau  type  theory  has 
been  given  by  Devonahire^^*^  which  gives  an  elegant  phenomenological  description  of 
the  phase  tranaitiona.  polarization  states,  dielectric  and  elastic  properties  and  the 
shape  changes  deitfcted  In  fig.  3.1b. 
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In  many  perovakltes.  particulaiiy  those  with  smaller  A  site  cations,  the  net  of 
orthogonal  comer  linked  oxygen  octahedra  "crumples"  at  lower  temperatures.  The 
octahedra  remain  comer  linl^  and  adjacent  ortahedra  thus  must  contra  rotate 
fig.  3.2.  Rotations  can  take  place  around  ai^  of  the  three  4-fold  axes  so  that  formally 
the  tut  structures  may  be  treated  phenomenologically  (using  the  tilt  angle  0  as  the 
appropriate  order  parameterl.^  Since  the  tuts  necessarily  cany  strong  coupled  and- 
polar  oaqfgen  displacement  effects  on  the  polanzablliQr  oi  the  lattice  are  not  strorig. 
however  the  displacements  are  shape  changing  and  thus  give  rise  to  improper 
ferroelastie  domain  structures.  Excdleiit  compact  classifications  iff  the  possible  tilt 
system  have  been  given  by  Glaser^  (see  fig.  3.3)  and  fay  Alexandrov.^^ 


&S  Antlfciroelsctric  Phase  Transitions 


In  certain  perovskltes  the  dielectilc  "fingerprints”  tax  the  prototypic  high 
tenqierature  phase  suggest  increasing  compliance  with  decreasing  temperature,  the 
slgiud  for  a  lower  temperature  ferroelectxlcibr.  However  the  phase  transition  Is  Into  a 
nonpolar  form  with  antlpolar  displacements  of  the  normal  ferroacttve  cations  at  the 
unit  cell  leveL  As  with  the  polar  forms,  the  antlpolar  displacements  are  strongly 
coupled  to  the  crystal  shape  so  that  in  symmetry,  the  domain  states  are  a  sub  group  iff 
the  improper  femelastlcs.  For  ekctneal  purposes  onbr  those  anttferroelectiics  which 
are  dose  in  free  energy  to  ahematlve  ferrodectrlc  forms  are  iff  Interest  especially  m  the 
special  case  where  the  energy  difference  can  be  over  ridden  by  a  realizable  electric  fidd. 

Sodium  mobate  and  Lead  zirconate  are  two  weO  docunKnted  antlferroelectrics 
where  high  field  switching  to  the  ferroelectnc  form  has  been  well  authentlcated.^^*^ 
However  the  list  of  "card  carrying'  perovaktte  anuferroelectrlcs  Is  stiD  short  and  the 
subject  merits  additional  study.  It  would  be  Imteed  useful  to  remove  some  of  the 
question  marks  which  'dog'  current  hats  of  anttfenoelectnc  compositions  (fig.  3.4). 
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Fig.  3.1  Sequence  of  phases  which  occur  on  cooling  a  BaTlOS  crystal  Cram  high 
temperature.  (Fig.  3.1a)  Unit  cell  dimensions  and  orientation  of  Ps  vector  in 
each  phase,  ^ig.  3.1b)  Unit  cell  dimensions  as  a  function  of  temperature 
across  the  three  fenoelectnc  phases. 


Fig.  3.2  Oxygen  octahedral  arrangements  In  an  untilted  structure  Oxygen  tilts 

m  a  co-tlUed  c  axis  rotated  structure  a**a'*c^  and  In  a  contra>rotated 
structure  a?a*’c*.  Notation  due  to  A  Glaser. 
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Fig.  3.3  Classification  for  zero.  one.  turo  and  three  tilt  qrstenis  after  A  Glaser. 
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Phase-translaon 

temperature 

Compound 

Formula 

•c 

I 

3 

DupUcivc  antifetToeteetrics 


Lead  zirconate 

A.  Perovskite  structure 

PbZiO,  230.-228 

Sodium  niobate 

NaNbOj 

-480.  354,  -200 

Lead  hafnate 

PbHfO, 

215,  ISO 

Bismuth  ferrite? 

BiFeO,  -850.-400,-200 

Silver  niobate'’ 

AgNbO, 

325,  550 

Lead  stannate? 

PbSnO, 

-400 

Lead  magnesium  tungstate 

PbMg,,W,,0, 

-38 

Lead  nickel  tungstate 

PbNi,^W,^0, 

17-160 

Lead  cobalt  tungstate 

PbCO|  ^  W|^Oj 

-30.  -20.  -206 

Lead  cadmium  tungsute? 

PbCd,,w„o, 

-400,  100 

Lead  ytterbium  luobate 

PbYb,,Sb,,0, 

-310,  -160 

Lead  ytterbium  tantalate? 

PbYb,,Ta,,0, 

-290 

Lead  lutecium  niobate? 

PbLu,  ,-Nb„0, 

-280 

Lead  lutecium  tantalate? 

^‘-“nTa,,0, 

-270 

Lead  indium  niobate? 

Pbln„Nb,,0, 

-90 

Sodium  bismuth  tiunate? 

•'‘•i,j«iaTiO, 

200.  320. 520 

Lead  I'errouranate? 

^F*a.sUiaO, 

--100 

Lead  manganese  tungstate? 

PbMn,.,W,^0, 

-ISO 

Lead  manganese  tungsute? 

200.  -70 

Lead  gallium  niobate? 

Pb5Ca.VbO, 

-100 

Lead  bismuth  niobate? 

Pb.BiNbO, 

--235 

Lead  manganese  rhoenate? 

PbMn,,Re,,0, 

-120.-170 

Lead  cobalt  rhoenate? 

Pb0O|  ^ 

o 

7 

ng.  3.4  Anltferroelectnc  perovskltes. 


Fig.  4.1  tfysteresls  tn  single  oystalBanOs  selected  to  be  without  90*  domama. 
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The  extreaia  which  occur  m  the  dielectric,  pyroelectric,  elasto  electric  and  opto-dectric 
properties  of  ferroelectrlcs  at  temperatures  close  to  the  phase  transitions  tak>  the 
properties  into  exceeding)^  interesting  and  practically  important  ranges.  It  is  thus 
Important  to  explore  the  mechanisms  which  can  be  used  to  modify  and  control  the 
transition  behaviour. 

In  the  perovsktte  system,  five  types  of  control  ate  important: 

•  For  sohd  solutions,  the  phase  transition  temperatures  often  change  continuously 
with  composition  so  that  in  homogeneous  compositions  the  transitions  may  be 
placed  at  optimum  temperatures.  Further,  by  controlling  a  deliberate  heterogeneity 
a  range  of  transitions  can  be  engendered  spreading  and  smoothing  the  sharp 
extrema. 

•  In  some  solid  solutions,  ferroelectricrferroelectrlc  phase  transitions  occur  at  fixed 
compositions  and  are  nearly  independent  of  temperature.  These  so  called 
morphotroplc  phase  botindarles  are  extremefy  important  in  piezoelectric  ceramics. 

•  Elastic  stress  can  have  a  marked  effect  on  the  transition  behaviour  and  the  property 
extrema  near  the  transition  so  that  self  generated  stresses  in  ceramics  may  be 
engineered  to  improve  the  properties. 

•  For  ceramic  compositions  the  gralmgraln  boundary  heterogenelfy  can  be  invoked 
to  modify  extrema  and  to  control  the  field  distribution  m  the  ceramic. 

•  Since  ferroelectrlcity  is  a  cooperative  phenomenon  the  scale  of  the  ferroelectrle 
region  is  of  critical  Importance.  Nano^cale  heterogenelfy  can  engender  completely 
new  properties  and  gt^  rise  to  spin  glass  behaviour  which  can  be  exploited  In  both 
capadtors  and  transducers. 


Many  practical  ferroelectric  capacitor  dielectrics  are  based  upon  barium 
tltanate.  BaTIOs.  The  Joey  feature  of  arty  ferroelectric  Is  that  Is  some  accessible  range  of 
temperature  and  pressure  it  has  a  ferroelectric  phase,  and  that  tax  that  phase  a 
spontaneous  electric  polaxlzatlon  can  be  switched  between  two  or  man  equilibrium 
orientations  by  a  realizable  electric  field. 

As  has  been  shown  in  fig.  3.1  BaTIOs  at  room  temperature  Is  fenoelectnc  with 
six  altemative  domain  states  polarized  along  aify  one  ^  the  six  equivalent  <100> 
directions  of  the  original  cubic  protofypic  form. 

For  a  100  oriented  single  crystal  the  hysteresis  loop  is  very  square  fig.  4.1.  the 
end  states  may  be  shown  to  be  single  domain  yteldlng  in  the  most  perfect  crystals  a 
value  Ps  -  26  pc/cm^  at  20*C.^  In  a  pc^ircrystal  ceramic,  the  domain  structure  Is  much 
more  complex  fig.  4.2  the  hysteresis  loop  very  rounded  so  that  both  maximum  and 
remanent  polarlzatloas  are  much  lower  than  the  single  crystal  values  fig.  4.3.^^ 


For  the  more  perfect  ciystal  which  can  be  converted  to  single  domain  state,  the 
paraelectxlc  and  the  single  domain  intrinsic  polarizability  can  be  measured  fig.  4.4.  4.S. 
Unlike  ferromagnets  very  high  penoittMty  persists  for  a  wide  temperature  range  above 
the  Curie  Point  Tc  following  a  Curie  Weiss  law. 


m  this  case  however  C  z  10^  as  compared  to  C  ~  lO'^’K  in  a  corresponding 
ferro  or  fertl  magnet  (Fig.  4.Q. 

Above  Tc.  the  cubic  m3m  symmetry  dictates  that  the  weak  field  dielectric 
susceptibility  (permittivity)  be  sphericalty  qrmmetrical  so  the  Cw  can  be  completely 
characterized. 


e,0  0 
Oe^O 
0  Oe, 

In  ceramic  form,  the  first  question  must  be  whether  the  grain  boundary  acts  as  a 
high  impedance  layer  strongly  Iknlting  utility  as  a  capacitor.  The  cubic  form  above  Tc 
permits  an  tmequlvocal  answer.  Extensive  experiments  on  very  carefully  prepared 
BaTlOa  ceramics  with  average  grain  size  fiom  0.75  to  53  p  meters  by  Yamagi  et  aL^^ 
show  no  change  either  in  C  or  in  6  as  compared  to  the  ciystal  (fig.  4.7), 

confirming  that  ceramics  can  be  made  with  low  impedance  grain  boundary  structures 

The  absence  of  major  grain  boundary  impedance  suggests  that  the  high 
peimlttlvtty  near  Tc  could  be  exploited  in  capacitois  if  Tc  could  be  moved  near  room 
temperature  and  the  response  broadened.  In  solid  solutions,  all  of  the  phase 
transitions  move  continuously  with  composition  as  shown  in  fig.  4.8  for  solutions  with 
FVnOa.  SiTiOs.  Ba2k03.  CaTiOs  and  BaSnOs. 


In  both  BaZiOs  and  BaSnOs  systems  there  Is  an  interesting  "pinch  ofi"  region  in 
the  phase  Hiagram  where  for  temperatures  close  to  room  temperature  tetragonal, 
orthorhombic  and  ihombohedral  states  are  becoming  of  similar  energy  l.e..  it  becomes 
easy  to  thread  the  polarization  vector  through  a  randomly  axed  ceramic. 

For  the  dielectric  response,  two  desirable  effects  are  evident  as  for  example  in 
the  Barri.xZrx)03  system.  At  low  level  additions  the  dielectric  peak  rises  sharpty  (fig. 
4.9)  and  with  further  addition  broadens  markedty.  Broader^  may  be  traced  to 
macroscopic  heterogeneity  in  the  composition  giving  rise  to  a  distribution  of  Crirle 
temperatures  and  thus  a  broadened  peak.  This  principle  is  widely  used  In  commercial 
dielectrics,  which  often  use  several  additives  to  trim  the  properties.  Some  commercial 
formulatlmis  from  the  book  by  Herbert*^  are  shown  in  table  4.1. 

To  provide  capacitors  with  high  K  but  greater  temperature  stability  two 
additional  features  are  used  to  control  and  enhance  permittivity  in  almost  pure  BaTIOs 
ceramics: 
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Fig.  4.4  Dielectric  pennlttMty  (weak  field)  near  the  Curie  temperature  In  a  single 
domain  BanOa  cxyst^ 


200  -m  -m  -80  -HO  o  w  go  m  7*c 


Fig.  4.5  Lower  temperature  weak  field  dielectric  permittivity  m  a  single  domam 
BaTlOs  crystal. 

•  Note  that  below  0*C  the  crystal  breaks  up  into  domains  and  below  -90*0  the  domam 
structure  imparts  an  anisotropy  wliidi  stould  not  occur  m  the  single  dcanam  state. 
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Fig.  4.6  Contrast  between  the  dielectric  behaviour  of  a  BaTlOa  perovaktte  type 

feiToelectnc  and  the  magnetic  behaviour  of  a  normal  acdt  ferrite  feiTtmagnet 
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Fig.  4.7  Dielectric  permittivity  above  the  Curie  temperature  in  very  carefully  prepared 
BatlOa  ceramics  as  a  function  of  grain  size.  NOTE:  there  is  no  significant 
grain  size  dependence. 


Flg.4.8  Behaviour  of  the  jdiaaetransttloDS  as  a  function  of  composttionln  a  sequence 
of  BamOaiABOs  solids  solutions. 


-so  0  so  too  ISO 
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Fig.  4.9  PennlttMty  temperattue  curves  for  solid  solutions  in  the  BallQsiBaZrOs 
composition  system. 


Fig.  4.10  Cmnpailaon  of  Cuxle  point  shifted  high  K  dielectrics,  with  grain  size  and 
gram  boundary  controlled  "pure”  BaTlOs  compositions. 
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1.  Control  of  the  penntttMty  in  fine  grained  BaTlOa  ceramic. 

2.  Control  of  the  grain  boundary  lxiq)edance  to  auppreaa  the  Curie  peak  at  Tc. 

Both  effects  are  illustrated  in  fig.  4.10  which  contrasts  this  behaviour  vts-a-vie 
the  Curie  point  adjusted  compositions. 


4.1.1  OrninStoe^OtostnBgltOaOgwnfcs 


It  was  knoam  firm  the  eaity  ISSOs,  that  small  additions  of  Ti02  together  with 
controDed  firing  could  give  Use  to  BaiTlOs  ceramic  capadtora  with  permittMty  dose  to 
3.000  over  a  broad  temperature  range.  Over  time  the  beneflrial  effects  were  traced  to  a 
liquid  phase  densificatlon  which  inhibited  gram  growth  m  the  ceramic  and  left  a 
residual  boundary  phase.  adUch  reduced  the  Curie  peak  permittivity.  More  lecentty 
these  effects  have  been  achieved  by  other  means  and  both  effects  studied  separate^. 

Probabty  the  best  measurements  of  the  pure  gram  size  effect  are  due  to 
Kmoshlta^  who  used  hot  pressing  of  a  weakty  dysprosium  doped  BaTlOa  to  produce 
samples  with  controlled  grain  size  firm  1.1  pm  to  53  pm  which  showed  no  suppression 
of  the  Curie  peak.  In  his  samples  there  is  a  contmuous  mcrease  of  weak  field 
permittivity  i  near  room  tenq>erature  with  reduction  m  gram  size  to  values  above  5,000 
at  1.1  p  meter  (fig.  4.11). 

Concommltant  with  the  reduction  m  gram  size,  the  group  at  NTT  also  observed  a 
reduction  m  the  frequency  of  occurrence  of  90'  domains  with  reducing  gram  size. 
Earlier.  Buessem  et  aL^^  had  suggested  that  a  reduction  m  the  twm  density  would  give 
rise  to  mtenial  stress  of  the  type  depicted  m  fig.  4.12  whldi  would  stioogty  enhance  the 
mtrlnsic  permittivity,  markedty  raising  i  and  shifting  the  orthorhombic  tetragonal 
transition  to  higher  temperature  (fig.  4.12).  Some  additional  support  for  this  model 
come  on  studies  of  the  mechanical  strength  m  hot  pressed  BaTIOs  by  Pohanka  et  al*® 
who  measured  the  flexural  strength  above  and  below  Tc  and  noted  a  reduction  m 
strength  m  the  ferroelectne  phase  which  could  be  accounted  for  by  the  mtemal  tensile 
stresses  required  m  the  Buessem  model. 

It  must  be  noted  however  that  an  alternative  model  for  the  gram  size  effect  has 
been  proposed  by  Arlt  and  co  wcnkers^^  which  would  require  that  the  fine  gram 
ceramic  have  a  higher  density  of  twins  and  some  expeiimeutal  evidence  is  advanced  for 
this  hypothesis.  The  advantage  of  the  twm  (domain)  modd  is  that  is  does  account  wdl 
for  the  higher  tan  6  m  the  fine  gram  system,  but  it  does  not  ezplam  the  phase  transition 
shift.  Cleaity  more  work  is  needed  to  resolve  this  tnqwrtant  question. 

One  possible  avenue  for  study  woukl  be  to  suppress  the  0*C  transition  as  for 
example  by  calcium  titanate  doping.  For  the  mtemal  stress  model,  the  gram  size  effect 
should  rapidly  as  Ca  mtrinsic  is  lowered.  For  the  domam  wall  modd.  the 

proximity  of  the  tetragonalrorthorhmnbic  transition  is  not  necessary  provided  the 
lattice  stram  and  wall  enerfir  are  not  too  strongly  effected. 


4.2  MaaipalBtlonofQfalaBoaBdaiylntyedaaes 


In  BamOs  ceramics,  it  is  remaikabty  easy  to  produce  "dirty"  gram  boundaries, 
and  most  ceramics  like  the  Selmens  C40  material  show  Curie  maximum  suppression  to 
greater  or  lesser  degree,  and  it  is  often  advantageous  for  practical  appUcaUon.  To 
demonstrate  the  phenomenon  quantltattvely.  and  m  the  process  to  produce  a  useful 
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TABLE  4.1 


TVolcal  practical  BaTlOs  based  dielectric  formations  taken  fiom  Herbert. 


Dielectric  permittivity  of  BSTlOa  as  a  function  of  drain  size. 


/cm*) 


Fig.  4.12  Calculated  mean  penntttMty  as  a  function  of  combined  unlajdal 

compressive  and  orthogonal  two  dimensional  tensile  stress:  the  self 
generated  stress  aystem  txptded  m  untwtnned  fine  gram  BallOs. 
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Fig.  4.14  Paeudo  eutectic  In  the  phase  diagram  of  BaTlOsiNaNbOssoUdsolutiona. 


Fig.  4.15  Weak  field  diekctiicpennimvtty  of  BaTIOs  as  function  of  temperature. 
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Fig.  4.16  Weak  field  permittivity  of  NaNbOa  aa  fiiactlon  of  temperatuxe  ahowlog  near 
constant  behaviour. 

high  voltage  dielectnc.  Payne  and  Croas^^  oqdored  fast  fixed  BaHOsiNaNbOs 
coxnpoaites.  Uatqg  the  la^  that  thexe  la  a  pseudo  eutectic  in  the  solid  sdhiUon  system,  it 
is  possible  to  gexierate  a  xapld  liquid  phase  denstflcatlon  which  leaves  a  thm  NaNbOs 
coating  over  the  BallOs  grams  whose  thickness  can  be  controlled  by  the  volume  of 
NaNbOsuaed.  Since  NaNbOs  has  a  flat  pexmlttlvtty:temperature  behaviour  It  is 
possible  to  use  Curie  Weiss  analyais  to  derive  the  Impedazice  of  the  boundaiy  phase 
directly  and  to  verify  the  predictions  of  the  simple  "brick  waB"  model  for  the  ceramic. 
The  aiguxnent  Is  presented  pictoilally  tn  figures  4.13. 4.14. 4.15. 4.16. 4.17, 4.18.  A 
ofmipnTtwnn  of  the  chaiacteilstlcs  of  a  5%  NaNb03:BaT103  versus  a  pure  BaflXls 
capacitor  Is  given  m  table  4.2. 

It  was  shown  earlier  m  this  section  4  that  a  measure  of  compositional 
heterogeneity  Is  essential  m  very  high  K  dletectrlcs  so  that  the  dielectric  extrema  at  the 
Curie  temperatuxe  Is  spread  over  a  practicalfy  useful  range.  For  moat  widely  used 
BaTlOs  baaed  foxnnila,  this  heterogen^  Is  on  a  scale  comparable  to  the  gram  structure 
and  Is  often  induced  Iqr  processing  to  a  non  equilibrium  phase  dlstilbution. 

As  the  dielectric  thickness  gets  smaller,  particularly  m  ultra  high  capacitance 
density  multilayer  capacitors,  it  becomes  difficult  to  control  macroscopic 
heterogexxlfy  because  of  abort  diffusion  distances,  and  a  finer  scale  onnposite  would  be 
desirable. 
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Fig.  4.17  Eq>ectlon  for  Cuxle  Wdss  behaviour  m  a  diphasic  BaTlOs  ceraxnlc.  and 
confhmatlaa  of  the  behaviour  In  last  fired  ceramics. 
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FIg.4.18  (a)  PermittMty  levels  as  a  functian  of  NaNbOs  mole  fraction  In  the 

disphasic  system,  (b)  Improvement  in  the  high  field  performance  due  to 
field  splitting  by  the  diphasic  system. 


table  4.2 


Ptactlcal  advantage  of  a  BanOacNaNbOa  compoatte 
dielectric  for  a  high  voltage  capacitor. 


Dielectric 

Pennittivity 

KatOV9its 

Permittivity 

Kat60KV/cm 

Aging 

%/Decade 

Breakdown 

Strength 

BaTlO, 

2.100 

400 

2.8 

lOOKv/cm 

BaTlO, 

2.100 

750 

1.25 

200Kv/cm 

S%NaNbO, 

In  the  Pb(BiB3)Oa  perovskltes  for  which  PbMgi/aNba/aOa  (PMN)  is  a  useful 
prototype,  it  has  become  clear  that  there  Is  a  new  mechanism  which  a  truly 

nanometer  scale  heterogeneity  in  the  composition  in  such  materials.  Extensive 
by  transmission  electron  mfctoacopy  have  revealed  that  ordoing  faiitf*  place  between 

^Nb  cations  but  not  as  might  be  expected  in  a  2:1  ordered  sheet  structure  as  occurs  to 

BaMgi/atha/aOa.  but  on  a  local  1:1  ordering  to  an  NaQ  type  54.56 

A  crude  two  dimerMlonal  picture  is  given  to  Qg.  4. 19  which  compares  the  atomic 
arrangement  tn  PMN  with  that  In  a  corrventlonal  P2T  ceramic.  A  feature  which  is 
immediately  evident  tn  the  PMN  is  that  the  1:1  ordering  is  non  stoichlometxic  and  iniTfft 
give  rise  to  massive  short  range  chemical  heterogeneity.  The  ordered  regions  are  highly 
^  rich  and  must  give  rise  to  a  local  diazge  tombalarice  which  presumably  stops  the 
ordering  process  at  this  •'Snm 

The  ordering  which  is  within  a  coherent  crystal  lattice  occurs  in  both  single 
crystal  and  ceramic  samples  and  can  be  imaged  using  TEM  (Og.  4.20).S6  This 
^emlstry  which  is  formed  at  very  high  temperature  leads  to  a  nan^^i^iile  chemical 
heter^enetty  which  Influences  the  manner  in  which  these  materials  exhibit 

ferroelectncfty.  This  family  of  lead  based  complex  perovsldtes  has  been  called  relaxor 
ferroelectncs.  The  outstanding  features  of  the  dielectric  and  ferroelectric  response  are 

surmnanM  in  fig.  4.21  and  the  most  salient  features  tabulated  In  table  4.3.  Earlier 
studies  based  on  the  very  small  acale  of  the  polar  xtgumB  m  PMN  bad  a 

8^  parsdectnc  model  for  the  high  temperature  bdiavUmr  and  measutem^  on  the 
SEN  bronxe  had  been  adduced  to  demonstrate  the  mobility  of  the  polar  58  ^ 

recent  natural  extension  has  been  to  explore  a  spin  glass  model  for  the  behaviour  * 
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NANOSCALE  CHEMISTRY 
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*  Some  type  of  decotnpostion/partioning  on  nanoscale 
into  Nb  and  Mg  ridt  re^ns  followed  by  long  range 
ordering  in  Mg  rich  regions. 

*  charge  balance  not  yet  tttisfactoriiy  known. 

*  ”foiaU"  chemistry  acu  to  localize  polar  behavior. 


Fi^4.19  Nanoscale  ordeiliig  m  Lead  Magnesium  nlobate  conqMred  to  a  dlaondezed 
P2T  solid  soluthm. 


Fig.  4.20  Dark  field  image  of  the  chemically  ordered  domains  In  Lead  Magnesium 
Niobate. 
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Fig.  4.21 
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(d) 


Special  properties  of  the  relaxor  ^ype  perovsktte  dlelectilcs. 

M  Weak  field  dielectric  permltUvtty  vs  T. 

(b)  High  field  hysterttlc  behaviour  vs  T. 

(c)  Law  temperature  X-r^  qiectnim  showing  no  departure  fitan  cubic 
structure. 

(d)  Optical  anlsotiopyln  a  aero  field  cooled  single  crystal  of  PMN. 


TABLE  4.3 


Common  features  In  the  behaviour  of  relaxor  ferroelectilc  ciystab  and  ceramics. 


COMMON  FEATURES 

•  Compositions:  Stractures. 

Common  in  lead  containing  perovskite  structures  of 
complex  composition:  Prototype  lead  magnesium 
niobate  PblMgi/sNba/slOs. 

Occurs  in  many  tungsten  bronze  compositions: 
Prototype  strontium  barium  niobate 
Sro.75Baoa5Nb206« 

•  Dielectric  Response. 

High  dispersive  peak  permittivity  cr  ^  30,000. 
Ferroelectric  response  under  high  fields  at  low 
temperatures. 

•  Compositional  Heterogeneity. 

Nano<scale  heterogeneity  on  a  coherent  crystal  lattice. 

•  Polarization  Fluctuations. 

Large  values  of  RMS  polarization  at  temperatures 
well  above  that  of  ttie  dielectric  maximum. 

Evidence  that  the  fluctuations  are  dynamical. 

•  Evidence  from  TEM. 

Local  compositional  (chemical)  ordering. 

Local  polar  regions  at  low  temperature  nano  to  macro 
domain  transitions. 
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Vlehland^^  has  authenticated  a  Vogel-Pulcher  model  for  the  dielectric 
relaxation  (fig.  4.22)  which  postulates  local  cooperation  between  polar  micro  regions 
leading  to  a  freezing  temperature  Tf.  It  was  noted  also,  that  for  the  field  forced  low 
temperature  ferroelectric  phase,  the  collapse  of  remanent  polarization  leads  to  a 
thawing  temperature  m  close  agreement  with  Tf.  By  looking  at  the  manner  m  adiich 
different  levels  of  DC  electric  field  force  a  spin*glass  to  ferroelectric  ^ase  change 
Viehland®^  (fig.  4.23)  was  able  to  use  the  De  Abnnlla-Thouleas  relation^  to  deduce  a 
size  for  the  uncoupled  polar  entlttes  in  close  agreement  with  the  scale  of  the 
heterogeneity  observed  by  transmission  microscopy  (Ftg.  4.24). 

Inanumber<tfw^.  the  dielectric  spm  glass  is  more  complex  than  the  magnetic 
because  of  the  strong  electrwtrtctlon  whl^  couples  nano  scale  polarization  to  nano 
scale  distortion  of  the  lattice.  Many  of  the  oqiected  consequences  have  now  been 
explored  (fig.  4.25  to  4.3(H.  It  must  be  stated  however  that  the  current  work  has  not  yet 
proven  spin  glass  behaviour  in  PMN.  however  the  list  of  confirmed  glass  like  features 
is  Indeed  impresalve  as  tabulated  m  table  4.4. 


sjo  multhater  cbramic  cafacrobs 

The  major  sector  of  the  high  K  ceramic  capacitor  market  addresses  ultra 
compact  high  capacitance  miniature  units  which  are  required  for  poarer  line 
stabilization  in  the  p*«»fc«gtng  of  silicon  semlconductar  integrate  circuits.  These  units 
ate  fabricated  using  a  co*finng  technology  which  Integrates  the  electrode  into  a 
monolithic  multilayer  ceramic.  The  nonnal  construction  is  shown  in  schematic  form 
in  il^  5.1.  The  ahemating  electrode  layers  which  are  fired  into  the  ceramic  are  picked 
up  on  a  naodifled  silver  termination  which  Is  added  in  a  post  firtng  operatloin. 

For  the  early  BaTlOs  formulations,  the  necessary  high  firing  temperatures 
forced  the  use  at  platinum  or  gold>piattnum  alloy  electrodes  which  become  the  .n»tor 
cost  in  the  unit.  Over  time  an  essential  component  of  the  evolution  has  been  the 
development  of  lead  and  bismuth  oxide  based  fluxes  which  permit  co-firing  at 
temperatures  down  to  1 1S0*C  and  thus  the  use  of  less  eiqienslve  palladium-silver  alloy 
electrodes.^  Basic  prlnctples  of  the  design  of  the  dldectxlcs  are  essentially  unchanged 
from  before,  and  the  effort  has  been  to  fi^  fugitive  fluxes  or  fluxes  whldi  Incorporate 
into  the  dielectric  with  mlnlnium  damage  to  the  permittivity  properties. 

Alternative  to  the  BaTlOs  baaed  compositions,  the  lead  based  relaxor  (spin  glass) 
compositions  appear  to  be  attracting  Increasing  attention  frmn  the  major  MLC 
producers.  A  recent  surv^  of  the  patent  literature  table  5.1  highlights  some  of  the 
activity.  It  would  be  nice  to  repoit  that  It  is  the  tntrlnsically  superior  dielectric 
properties  (fig.  5.2)  which  are  the  magor  drawing  force,  however  what  must  be  also 
factored  in  is  the  Important  fact  that  the  lead  baa^  formulation  can  be  designed  to  fire 
at  temperatures  below  900*C  so  that  vdth  them  there  is  the  possibility  of  using  high 
70:30  silver  palladium  alloy  electrodes.  In  some  cases  pure  sliver  (Table  5.2)  and  with 
appropriate  doping  base  metal  copper  electrodes.^ 
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Fig.  4.22  Vogd:Fu]cher  type  freezing  of  the  dielectnc  response  In  PMN:10%FT. 

(a)  Dielectric  response  as  a  function  of  frequency  and  temperature. 

(b)  Plot  of  l/Ttnaz  the  temperature  of  maximum  response  vs  frequency. 
Square  dots  are  eiqierlmental  points  line  is  a  fit  to  the 
equatJornytelding  pre-exponemial  vo  «  10^^  Hz. 

(d  Release  of  polaxtetimx  on  heating  for  a  field  cooled  (poled)  sample:  the 
thawing  temperature  Tf  s  291’K. 
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Tf(0)-T^(E)]2 


Tf(0) 


Fig.  4.23  Plot  of  the  applied  bias  TAT  fidd)  as  a  function  of  the  tenquacatuie  of 

maximum  chaxgtng  cunent.  where  TOW  is  the  freezing  tempenture  of  the 
ZFC  state  and  the  soUd  line  is  the  curve  fitting  to  the  deAhnedla  Tbouless 
relationship  given  m  equation  1. 


4.24  (a)  Diffraction  pattern  of  PMN  showing  superiattlce  reflections  (01 1)  fPije. 

(b)  CDF  Image  of  ordered  mlcrodonialns  (3*5  n  meter)  In  PMN  uau^ 
reflection. 
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Elastic  Response 


Dielectric  Response 


♦  Maximum  softening  for  both  responses  occurs  near 

the  same  temperature. 

sa>  common  oripns  of  dielectric  and 
anelastic  relaxations. 

*  Reflects  kineUcs  of  polatoation  fluctuations,  vu  the 

electrostriction. 


c<mDarlwoC<llde<!lilcmdd»Mrap^  VUcaoao 

for  both  ttspoTMCs  occuia  at  tl»  saro  tenapoBture  -  miggesttog 

origin,  reflecting  the  ktnfHca  of  polarteatltm  fluctuations  coupled  to  the 
lattice  via  electroatsiction. 


PMN-IOPT 


4^ 


Fig.  4.27 


Elastic  stiffheas  as  a  function  of  applied  electric  field  at  four  tempemtures. 


The  100  Hz  elastic  stlflEaess  as  a  function  of  temperature  for  various 
compositions  of  PLZT.  irttere  Tfis  the  fineeztng  temperature,  and  Ttnax  the 
tempezatuie  of  the  100  Hz  penntttMty  maximum,  (a)  PLZT>7.  (b)  PL2T-8.  (d 
PLZT-9.  and  (d)  PLZT-IO. 
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4^ 


ng.  4.29 


Pig.  4.30 


For  the  elastic  constaxit  vs  electric  field  C(E)sc(o)-fPE^  4- i)E*.  PlotshowsP 
as  a  function  of  tempeiatuie.  Nbte  that  mazmnim  p  occurs  near  the  fieezlng 
temperature  Tf  of  the  polarization  fluctuations. 


Tf=  I50C 


T  =  250C 


T»OOC 


X-r^  line  broadening  as  a  function  of  applied  electric  field  In  FMN  at  a 
temperature  above  (25'C)  and  belotv  (O')  the  freezing  temperature.  Note  that 
the  naxrawli^  and  peak  shift  is  transient  after  field  application  above  but 
permlsts  after  field  application  below  Tf. 


Correlation  length  In  single  crystal  PMN  as  a  function  oi  temperature,  as 
deduced  from  neutron  scattering.  Correlation  length  saturates  near  Tf  at 
200A*.  AtTlBunM  the  length  «30<4QA*  close  to  the  uncoupled  cluster  size. 
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TABLE  4.4 

Suznmaiy  table  of  aixnllarttlea  between  the  relazor  ferroelectric  PMN  and  the  Magnetic 
spin  gina.  (Y  in  the  table  indicates  yes  that  the  phenomenon  has  been  confirmed.) 
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TABLE  5.1 


Compositions  being  explored  and  recent  patent  filings  for 
relaxor  based  dielectric  formulations. 


Cmaiiki 


•T,«*C)  **atkafUr 


Slnpli 

rtratiklitt  T,(*C) 


UthavUr 


r><iuMiaa  MtupatiwM  fw  nltian  «•  •««*!•«  or  m  I  Uli. 
*'FE'Ftiio«loc«ik.  AP-AmUonMlocvie.  PMa-PuMlocitte. 
|l*klN|:  I’tKMBi/jNbinK)]  trrW|; 

ll-ZNI;  rb(Za|^jN(>2/i)Oi  IPMWt 

IWNI:  Pb<Ni|/]NbioX}l  IPNWJ: 

HTNl:  l'»HFe|/iNbi/j)Oj 


Pb(RsmWm)Oi 

l’b<M||nW|/i)0] 

rb(Ni|/2W|/2)Oi 


CompMltloial  Fawilitt  far  Rtlafor*llaM4  MLCi 


CoiniKMklM 

ElATemp  Manulaciiatr 
SiKciflcaiiga  (Aasi|nee) 

Puenu  md  Reb. 

PUT.Ai 

S()rag«a 

US.  PaL  4JD27.309  (1973)  Ral.  9 

PMW.PT-$T 

X7R 

DuPow 

U.S.  PaL  4.04t34«  (1973) 

ITN-PFW 

Y5V 

Nnc 

U.S.PaL4j07t.93l(l97t) 

I'FN-rFW-KtN 

Y5V 
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lUwM 

UO.  PaL  400807)  (1981) 

PMN.pzN-rr 

Z3U 
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PMN.PZN 

ZSU 
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U-K.  PaL  2.I27.(87A  (1984) 

PMN.PFN.PT 

ZSU 

STL 

U.IC.  PaL  2.126073  (1984) 

PMN-PZN-PFN 

Z3U 

Mauhihhi 

Ji|Wi  PaL  39-107939  (1984) 

pmn-pfw.pt 

«« 

MaumMii 
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ToiWba 
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Ref.  14 
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VU 

MauiitUn 

Ref.  18 

PMW.PT.PZ 

X1R 

NEC 

Ref.  19 
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ZJU 

TuaMba 
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Fig,  5.2 


Compailsaa  of  dletectrlc  saturation  and  RC  time  constant  behaviour 
between  relaxor  based  and  BaTIOs  based  MLC  dlelectncs. 


TABLE  5.2 

Firing  conditions  Cor  and  appropriate  electrodes  to  use  with 
BanOd  and  relaw  based  fonnulatlons. 


Uicltclric 

Firini  Coniiilhm 

Elrclruilc 

iiruT 

>II30’C 

(») 

(loducinc) 

(M  ()(»«) 

Ni» 

MT-IIT 

IIW-I23VC 

(an) 

(leducini) 

A|:Pil  CnVlO  10  30^70) 

Cu.Ni 

LFDT 
(RAU  onlr) 

<MIWC 

(ah) 

A*:IM  (TCWO) 

IIF-RelMur 

>ia«’C 

(air) 

(icilucmi) 

A|:W  (7000) 

Cu. 

LF-Rchuur 

<iuwrc 

(ail) 

(icilucini) 

A|:ra  (83/11).  Acdooa) 

Cu. 

*'lhe  pMiial  iHemMC  |H)2  M  wlikb  Ni  — >  NiO  ocean  is  such  ibai  HiO  — >  Phmeul  XMlIs, 
hence  Ni-bas^  elecuu>lesaniheiinuU)rnaaican7  ml  (osiUe  fur  iciMurs. 
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OJO  FIBWOnaCTMCTHnfFILMi 
dx  iumimiumwi 

Over  the  last  four  yean  (1987  to  1991)  there  has  been  a  rapid  Increase  in  inteiest 
in  ferroelectric  thin  fUms  deposited  onto  semiconductor  substrates  for  uses  in 
nonvolatile  radiation  hard  random  access  memoiy.  The  e&rt  which  has  been  driven 
in  the  USA  prtmaniy  by  major  funding  bom  the  department  of  defense  has  lead  to  a 
strong  revival  of  interest  m  ferroelectric  switching  behaviour  and  the  evolution  of  a 
very  broad  range  of  deposition  methods  for  a  large  variety  of  ferroelectric 
compositions.  Since  the  summer  school  will  have  talks  which  focus  upon  the 
preparation  methods  for  films  and  the  switching  behaviour  these  wiU  only  be  bneffy 
mentioned  and  the  prlmaty  focus  will  be  upon  those  properties  which  are  likely  to 
make  the  films  important  for  more  conventional  capacitors  and  for  piezoelectric 
transducer  and  sensor  applications. 

6J1  Material  Systems  of  Interest 

The  majority  of  studies  are  being  carried  forward  upon  randomly  axed 
polycrystaUlne  films  so  that  it  is  not  surprising  to  find  major  interest  In  the  perovsklte 
structure  composition.  Considerable  early  work  on  BaTlOs  fihns^*^  never  showed 
convincing  evktence  that  strong  ferroelecMctty  could  be  retained  in  sub  micron  thick 
films,  and  this  Is  perhaps  not  surprising  to  the  light  of  the  very  slim  loops  observed 
even  m  bulk  BaTiOa  when  the  grain  size  approaches  sub  micron  levels. 

Most  important  steps  In  forward  progress  were  the  demonstrations  of 
convincing  dielectric  hysteresis  by  Sayer®^  in  sputter  deposited  PZT  films  and  the 
confirmation  of  excellent  hysteretic  behaviour  in  sol-gel  deposited  PZT  film*  by  Payne 
andBudd.^ 

More  recently  the  list  of  composttlons  for  which  useful  ferroekctilc  behaviour 
has  been  convincingly  demonstrated  In  thin  films  has  increased  markedly.  A  recent 
survey  Is  given  m  table  6.1. 

6b3  PreparatlOB  Techafqass 


The  very  broad  range  of  techniques  which  have  abeatly  been  applied  to  the 
fabrication  of  ferroelectric  thin  films  are  summarized  In  table  6.2.  The  m^ortty  are 
vapour  phase  methods  but  sol-gel  and  metal  organic  deposition  are  widely  used. 
Attempts  are  also  belrrg  made  to  use  true  metal  organic  chenrical  vapour  deposlllaii.  but 
this  approach  is  strongly  handicapped  by  the  low  volatility  and  the  hazarxlous  nature  of 
the  suitable  organic  vetdcks  for  the  requited  chemical  constituents 

All  methods  currently  have  the  comrtxm  feature  that  they  deposit  an  amorphous 
or  micro  crystalline  ensemble  of  the  required  chemical  constituents  which  must  be 
architected  into  the  required  perovsklte  structure  form  by  a  subsequent  heat  treatment. 
These  post  deposition  annealing  treatments  have  received  a  lot  ^  attention  and  tt  la 
clear  that  they  can  radically  change  the  character  of  the  resultant  film.  There  appears 
to  be  a  strong  movement  towards  rapid  thermal  armeallng  methods,  but  again  much 
care  la  needed  to  o]rtlmlze  the  conditions. 

In  vapour  phase  methods  substrate  beating  and  low  energy  add  atom  assist  are 
being  used  to  improve  quality,  but  the  need  for  a  sub  film  electrode  metal  precludes  the 
possibility  of  precise  epitaxy  for  perovsklte  type  filrru,  though  topotactlc  grain 
onentatkm  la  frequently  observed. 
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TABLE  6.1 

Compositions  which  are  under  study  as  thin  films. 


CHOICE  OF  MATERIAL  SYSTEMS 

Non  Volatile  Memory 


Multiaxial  Ferroelectrics  for  Randomly  Axed  Films 


Lead  Zirconate  Titanate 

PZT 

Lead  Lanthanum  Zirconate  Titanate 

PLZT 

Lead  Titanate 

PT 

Lead  Lantlianum  Titanate 

PLT 

Lead  Bismuth  Titanate 

PBiT 

Lead  Barium  Niobate 

PBN 

Uniaxial  Ferroelectrics  for  Grain  Orientated/  Epitaxial 
Films 

Potassium  Litliium  Niobate 

KLN 

Strontium  Barium  Niobate 

SBN 

Lead  Germanate 

PG 

Potassium  Magnesium  Fluoride 

KMgF 
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TABLE  6.2 


Growth  techniques  for  ferroelectric  thin  films. 


*  Magnetron  Sputtering  from  Oxide  Targets. 

*  Mult-magnetron  Sputtering  (MMS). 

*  MuitUion  Beam  Reactive  Sputtering. 

*  Electron-Cyclotron  Resonant  (ECR)  Plasma 

Assisted  Growth. 

*  Chemical  Vapor  Deposition  (Photo-Assist). 

*  Excimer  Laser  Ablation. 

*  Sol-Gel  Metliods. 

*  MOD  Techniques. 

Substrate  Heating. 

Post  Deposition  Annealing. 

Rapid  Thermal  Annealing  (RTA). 

Low  Energy  Ad  Atom  Assist 


Tliere  are  numerous  reports  that  the  phase  makeup  of  PbZt03:Pbm03  thm 
differs  markedly  from  bulk  values,  however,  data  from  S.  Dey^  on  carefully  annealed 
flima  (Fig.  6.1)  suggests  that  the  morphotroplc  phase  boundary  separating  tetragonal 
and  rho^bdhedxal  phases  is  close  to  that  observed  in  the  bulk  composition. 

buportut  Propcitks  of  BIgh  K  Flhas 

In  PZr  films  at  the  52/48  Zr/Tl  composition  weak  field  dielectric  permittivity 
ew  at  room  temperature  as  measured  by  marry  investigator  on  films  made  by  different 
techniques  is  of  order  1.200  and  mdepeixdent  of  thickness  down  to  3.S0QA.  lyplcal  data 
from  Dey^^  (fig.  6.2)  Indicates  the  films  are  dispersion  free  to  over  10^  Hz.  Improper 
thermal  anwAiing  either  at  too  elevated  a  temperature  or  for  too  long  a  time  (fig.  6.3) 
that  masslve  dispersion  can  be  induced  at  frequerx^  as  low  as  10^  Hz.  Under 
cyclic  DC  bias  again  films  behave  exactly  as  would  be  expected  for  proper  ferroelectrics 
(fig.  6.4). 

That  the  52/48  composition  Is  proper^  ferroelectric  is  evident  from  the  60  Hz 
hysteresis  curve  m  fig.  6.5  with  Pr  a  30  pc/cm^  and  Ec  r  31  KV/cm.  That  the 
ferroelectric  polarization  can  be  switched  fast  enough  to  be  of  mterest  in  memory 
application  Is  evident  from  the  data  taken  by  Dey  (fig.  6.6)  which  shows  switching  times 
of  -  nano  seconds  m  a  30  p  X  30  p  square  capacitor. 

Perhaps  the  most  startling  difference  from  bulk  P2T  comes  m  examination  of 
the  weak  field  didectrlc  permlttlvtty  vs  temperatures  (fig.  6.7).  The  peak  is  roughly  at 
the  right  tenqierature.  but  the  value  is  low  and  the  peak  is  highly  rounded.  In  all  our 
own  studies  the  best  ratio  epeak/Cnxaa  <  3:1.  where  in  a  well  prepared  bulk  material  the 
peak  is  very  sharp  non  dlsperstve  and  the  ratio  >  15:1. 

A  gigtuncant  poslttve  aspect  of  hhn  behaviour  is  the  manner  in  which  the 
dielectric  strength  increases  at  low  film  thickness  (fig.  6.8).  Values  of  ^  as  large  as  4 
MV/cm  are  not  unconanon.  It  Is  Interesting  to  note  that  the  empirical  curve  predicted 
by  Gerson  arxi  MarshaO^^  based  only  on  bulk  measurements  predicts  breakdown  fields 
for  submicron  thick  films  above  1  MV/cm. 

For  simple  high  K  appUcatlons  where  hysteresis  would  be  a  marked 
disadvantage,  two  alternative  lead  based  compositions  are  being  caqilored.  In  the  high 
lanthanum  Lead  Lanthanum  tltanates  Dey  has  explored  a  28:0:100  PLT  which  shows 
good  hnearlty  (P  vs  E)  some  dispersion  with  a  K  -  1.600  at  100  Hz  and  1,400  at  10  MHz. 
Udayakumar^  has  eqilored  PB4N:Pr  conqiosltlons  which  show  K  values  up  to  2.800 
and  only  weak  dispersion  to  10  MHz. 

Clearly  there  are  clamant  needs  for  very  compact  film  capacitors  in  high 
density  silicon  and  ultra  high  speed  Ga:A8  circuits  and  there  are  many  options  yet  to 
explore  for  high  K  systems. 


Ftg.  6.1  Structure  va  composttton  ia  well  annealrd  PZT  thin  films  (after  D^. 
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Ftg.  6.2  Weak  field  dielectric  pexmtttMty  vs  frequency  typical  for  P2T  52:46  otnspoaitions 
(after  De^. 
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FREQUENCY (KHz) 


ng.  6.3  Dielectric  response  vs  frequency  for  PZT  52:48  compositions  as  a  function  of  'over' 
axmealing. 


PZT  Sol-Qtl  nim 


D.C.  Bias  (kV/cm) 


Fig.  6.4  Permttttvity  ew  as  a  function  of  applied  electrical  bias  In  PZT  52:45  fltm* 


Sol-Gel  PZT  (52/48)  Film 


Electric  Field  (kV/cm) 


Thickness:  4500  A  s  30  |lC/cni2 

Frequency;  60  Hz  Ecoer  =  31  kV/cm 


Fig.  6.5  Polanzatlonifield  tiysteresls  In  a  PZT  52:48  Qfan  4.50QA  thick  taken  at  60Hz. 
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Ftg.  6.6  polarlzatlonswltchlnguslngveiy  high  current  pulses  to  PZT  52/48  (after  Dey). 


Fig.  6.7  Weak  field  penntttlvtty  as  a  function  of  tenqierature  tn  PZT  52/48. 
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Mauttic  mumm  m  cumiics. 


6.8  Breakdown  field  Eb  as  a  function  of  thtekneas  from  the  empirical  equation  by  Geraon 
and  MarshaL 


PIEZOELECTRIC  COEFnCIENIS 


PbriCb 


Symmetry  4minm 
Pb^  Ti# 


tr  It  tr 


u  u  u 

A^=d33<^ 


fila  =  dll  dP,  =  d,5  <% 

Fig.  7.1  TWO  dimensional  description  of  the  origin  of  the  piezoelectric  response  m  a  slzigle 
dunam  nmOs  ciyataL  (al  Sttuatloa  under  no  flekL  (b)  Silft  of  the  Tl  cation  asnqr 
firom  the  equllibrtum  poattkm  under  stress  T3.  (c)  Shift  of  Uie  Tl  cation  back  towards 
the  cell  center  under  stress  ti.  (d)  TQtlng  of  the  Tl  poattkm  gMng  dP.  under  a  shear 
stress  T*. 
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The  plieiuniienolcglcal  master  equation  which  describes  the  deformations  of  an 
Insulating  cijrstal  sut^ect  to  both  elastic  and  electric  stress  takes  the  form 

xy  *  S|gd  ^^niyEni Mimll  En  (7.1) 


where 


*9 


sykl 


doglf 

Mmny 


axe  the  oompanenta  of  elastic  strain 

the  stress  corxqMnents 

the  elastic  compliance  tensor 

axe  components  of  electric  field 

the  piezoelectric  tensor  components 

the  electroatnctlon  tensor  In  field  notation 


and  the  Elnstem  summation  convention  is  assumed. 


For  crystals  in  which  some  components  of  the  dmij  tensor  axe  non  zero,  when 
Xu  ■  0  the  elastic  strain  is  given  by 

xysfingEm  17.2) 

which  Is  the  equation  for  the  converse  piezoelectric  efiects.  relating  induced  strain 
directly  the  first  power  of  the  field.  Le.  xy  changes  sign  with  Em¬ 
in  the  thermodynamically  equivalent  direct  effect 


PmadmyXy  .  (7.3) 

Clearly  7.2  describes  the  actuating  function  of  a  piezoelectric,  changing  shape 
under  electric  field  control  Equation  7.3  the  sensing  fimction.  a  change  in  polarization 
under  stress  charges  the  capacitance  of  the  sensing  crystal  giving  a  voltage  proportional 
to  the  stress  applied. 

If  the  dmij  co"**«"**  are  zero  due  to  symmetry  as  for  example  in  a  centric  crystal, 
the  residual  effect  is  electrostnctlve  and  at  zero  stress 

xy  sk^ony  ^En- 

Now  the  strain  is  a  quadratic  function  of  the  applied  stress. 

The  thermodynamIcaDy  converse  effect  is  now  given  by 
nmn*  l^mny  Ey 

Le.  the  elastic  stress  dependence  of  the  dlelectnc  susceptibility. 

Plctorlally.  the  piezoelectric  effect  is  Illustrated  by  the  two  dimensional 
to  fig.  7.1  which  models  a  polar  crystal  of  the  perovsklte  Lead  tltanate  in  its 
#<«gto  linmmtn  ferfoelectrlc  form.  To  stoq)!^  the  description  It  is  assumed  that  the 
polarization  resides  in  the  ion  as  to  BaTlOa  and  the  lead  Ion  displacements  are 


neglected.  In  the  base  state,  the  titanintn  ion  is  displaced  along  the  3  diivcuons  a 
distance  corresponding  to  the  spontaneous  polarization  P3  and  the  resulting  symmetry 
Is  tetragcaial  ^nm. 

If  a  tensile  stress  03  la  now  applied  In  the  X3  dlrectionlflg.  7.1b).  the  upper  and 
lower  ogqfgen  ions  pull  out  the  equatorial  kais  squash  in  forcing  the  11^  fiuther  away 
from  the  cell  center  and  generating  an  enhancement  of  P»  by  AP.  Since  the 
displacement  are  very  amsU  AP  003  and  the  constant  of  proportlonahty  d33  is  positive. 
Le.  a  positive  (tensile  stress)  gives  a  positive  change  m  AP. 

For  a  transverse  tensile  stress  01  however  (fig.  7.1c)  the  equatorial  coygens  are 
pulled  out.  the  brought  back  more  towards  the  center  of  the  cell,  giving  a  negative 
increment  AP3  so  that 

AP^sdai  <Ti 

and  d3i  must  be  a  negative  quality. 

Slmtlarty  a  shear  stress  05  (931)  leads  to  a  canting  of  the  Tl^'*’  and  a 
displacement  direction  nocmal  to  P3  Le.  a  APi  so  that  fig.  7.1d. 

APl  adists 

For  the  point  group  4mm  clearly  the  action  of  the  4  fold  axis  makes  2  equivalent 
to  1  so  that 

d3l*<l9B  <tlS*<la4 

and  the  complete  plezoelecMc  tensor  takes  the  form 

0  0  0  OdijO 

0  0  0  d,5  0  0 

^31^31^33  0  0  0 


7.2  PteaoelsetilcHylnCewadcs 


In  a  randomly  axed  polyctystal  ceramic,  even  if  the  grains  are  polar  or 
ferroelectxlc  as  m  fig.  7.2  under  normal  circumstance  the  random  oilentatlon  will 
cancel  out  any  anisotropy  engendering  a  macroscopic  center  of  symmetry  which 
forbidb  pieaoelectnciqr.  For  the  ferroele^nc  ceramic  however  a  new  aniaotropy  can  be 
induced  atnoe  the  domain  polar  vectors  can  be  switched  uixler  realizable  fidd.  Ihustbe 
poling  operatkm  which  develops  a  high  remanent  polarization  Pr  in  the  ceramic  is 
esncitflal  to  destroy  the  macro  center  of  aymmetry  taking  the  material  into  the  texture 
symmetry  group  ••  mm. 

Iheovetlcally  It  Is  quite  stralgbtforwsrd  to  derive  the  possible  PRidilch  may  be 
induced  in  a  ferroekctnc  ceramic  If  all  domains  of  a  given  type  may  switch  under  the 
poling  field.  In  a  ferrodectrlc  with  only  2  antlpolar  danam  states,  oidy  180*  switching 
would  be  possible  and  PRmax'^-^^s  *  tetragonal  ferroelectric  perovaklte  there 
are  6  axial  orlentatlan  for  the  domains  and  pRmax*  the  rhombohedral 

case  with  8  body  diaflonsl  orientations  Pp^g^»OS7P,| .  Unfortunately  the  ability  to 
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pole  in  practical  ceramics  la  more  restricted,  so  that  a  high  count  of  available 
orientation  states  becomes  essential.  This  is  illustrated  for  BaTlOs  at  room 
temperature  m  fig.  7.3  In  the  single  domain  single  crystal  P«  «  26  pc/cm^  (fig.  7.3a). 
Even  m  a  very  large  gram  ceramic  Pr  nuxzS  pc/cm^.  fig.  7.3b  and  m  a  practical  fine  (1  u 
meter  gram)  ceramic  Pr  almost  vanishes  (fig.  7.3c). 

7.3  LcadZirooaateTltaaatsPleaooenmlcs 

The  uniquely  advantageous  feature  of  the  Lead  zlrconate  Lead  tltanate 
ferroekctnc  phaM  diagram  fig.  7.4  is  the  almost  vertical  phase  boundary  near  the  50:50 
Zr/Tl  composition,  the  so  called  morphotropic  phase  boundary  which  separates  a 
tetragonal  and  a  rfaombohedral  ferroelectric  phases.  All  ferroelectrlc:ferroelectrlc 
phase  transitions  are  first  order  so  that  the  boundary  encompasses  a  finite  two  phase 
region  where  the  6  domain  states  of  the  tetragonal  variant  coexist  with  the  8  domam 
states  of  the  rhombohedraL  The  advantage  m  terms  of  polabllity  for  ceramics  near  this 
compositlan  la  compared  to  other  perovsklte  possibilities  m  fig.  7.5  showing  the  clear 
superiority  of  the  PZT. 

The  maximum  polabllity  for  compositions  near  the  MPB  la  shown  clearly  m  fig. 
7.6.  and  the  consequent  advantage  m  piezoelectric  constants  m  fig.  7.7.  both  taken  from 
the  book  by  dafle  Cooke  and  Jafie.^ 

73.1  ^lanomenolaaiqfFlasoetoctrtefly  fnFZBi 

It  is  clear  from  the  eariler  consideration  of  dielectric  applications  that  the 
instability  at  the  paraelectnc:ferToelectnc  phase  transition  contributes  an  mtrlnale 
conqiliance  in  the  dielectric  property  whldi  can  be  manipulated  to  great  practical 
advimtage.  For  BaTLOa.  it  is  easy  to  trace  this  enhanced  compliance  as  excellent  single 
crystals  can  be  grown  and  by  simple  poling  procedures  converted  into  single  domam 
states.  Thus  the  properties  a  single  domain  can  be  measured  at  arty  temperature  or 
stress  of  Interest  and  a  full  Landau:Gtn8burg:Devonahlte  phenomenology  developed 
which  will  minimlc  the  mtrlnslc  mop|Htles  of  BaTlOs  domains  under  any  set  of 
electnc/elaadc  boundary  conditions/**^^* 

In  the  lead  zlrconate  tltanate  solid  solution  system  however,  the  situation  is 
significantly  more  complex.  Dlfierent  composition  across  the  phase  field  exhibit 
anttferroelectnc.  ootygen  octahedral  tilted,  arul  simple  proper  ferroelectric  phases.  An 
even  mote  important  constraint  is  that  m  spite  of  timoat  30  years  of  contmuous  effort 
there  are  still  no  reputable  single  crystals  available  with  compositions  near  to  the 
critical  50/50  Zr/Tl  ratio  of  the  MFB  and  thus  no  direct  measurements  of  single  domam 
properties.  Only  compositions  close  to  pure  PbZrOs  and  pure  FbllOs  have  bem  grown 
with  adequate  quality  and  for  other  compositions  it  Is  necessary  to  use  mdirect 
methods  to  deduce  the  thermodynamic  constants. 

Over  some  10  yean  the  ferroelectric  group  at  Perm  State  has  dedicated  a 
conttnumg  effort  to  formulating  an  adequate  phenomenology.  Faculty  and  students 
involved  have  included  B.  Cadger.  A.  Amin.  H.  McKinatry.  T.  Halemane.  M.  Haun.  G. 
Rossetti  and  L.  E.  Cross  and  thetr  work  is  documented  in  a  sequence  of 
papQ3^77.78.7030.81.8233.84.8S  papers  80-85  provide  an  excellent  summary  of  the 
pure  PZT  work. 
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Ftg.  7.2  T«ro  dimension  schematic  of  the  polarization  vectors  In  unpoled  and  In  poled  PZT.  In 
(a)  the  symmetiy  b ••••which  is  centrfcs  and  foihkb  ptezoelectncity.  In  (b)  the 
symmetiy  b  ••  mm  which  b  non  centric  (polar)  and  permits  piezoelectricity. 


Fig.  7.3  Contrasting  polarization  hysteiesb  In  (a)  single  aystal :  (b)  ceramic  polycrystal : 
(c)  fine  gram  ceramic  BaftlOs  samples. 


Fig.  7.4  Phase  diagram  of  the  Lead  ziiconaterlead  tltanate  solid  solution  system,  highlighting 
the  important  morphotroplc  phase  boundary  (MPB). 


POSSIBLE  OSIEaTATIOl  STATES  IR  PEXOVSKITES 
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Pig.  7.5  Indicating  from  examples  in  different  perovsldte  ceramic  compositions  the 

importance  of  number  of  equivalent  domain  states  in  realizing  poling  and  high 
pleeoelectnc  actlviQr. 
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FIs.  7.6  Remanent  poUzation  In  PZT  ceramics  Fig.  7.7  Dlelectrk:  and  piezoelectric 
of  companble  grain  size  as  a  function  response  m  pnifd  pzT  as  a 

of  zm  ratio.  function  of  ZrTl  ratio. 

TABLE  7.1 

Coefficients  of  the  PZT  Bnogy  Function 


a„  a,,,  ferroelectric  dielectric  stiffness  at  constant  stress 
a„  o.,,  c,,*  antiferroelectric  dielectric  stiffness  at  constant  stress 
(1^  coupling  between  the  ferroelectric  and  antiferroelectric  polarizations 

0,  octahedral  torsion  coefficients 

7^  coupling  between  the  ferroelectric  polarization  and  tilt  angle 

elastic  compliances  at  constant  polarization 

electrostrictive  coupling  between  the  ferroelectric  polarization  and  stress 
electrostrictive  coupling  between  the  antiferroelectric  polarization  and  stress 
rotostrktive  coupling  iKtween  the  tilt  angle  and  stress 


In  developing  the  "master  equation"  for  the  free  energy  in  terms  of  the  extensive 
variables.  It  Is  necessary  to  start  with  a  two  sub  lattice  model  to  encompass  the 
antlfenodectrlc  states,  however,  since  these  are  confined  to  compositions  very  close  to 
Lead  zlrconate  it  is  advantageous  to  use  linear  combination  of  the  sub  lattice 
polarlzadon  Pa  and  Pb  in  the  form 

P  =  Pa+Pb  (7.1) 

P«Pa-PB  (7.2) 

Thus  when  Pa  s  ■•■Pb  P  ^  0  and  represents  the  effective  ferroelectric  polarization, 
and  when  Pa  *  -Pb  P  ^  0  and  represents  the  magnitude  of  the  antlpolarlzatlon  in  the 
antlferroelectrlc  phase.  Polarization  and  antlpolartEatlon  have  the  axial  components 
P1P2P3  and  P1P2P3  respectively.  The  oxygen  octahedra  have  tilt  angle  6  with 
components  about  the  axl^  direction  613263.  Elastic  stress  and  strain  are  designated 
Xq  Z|j.  The  fun  family  of  coupling  variables  are  delineated  m  table  7. 1  and  the  resriltlng 
equation  7.3. 


dC  =  a,  (/«  +  +  />2j  +  a„  (P*  +  /><  +  pjj  (7.3) 

+  a,jlPf/^  +  PIP]  +  papj)  +  a.jiIP*  +  Pf  +  P5] 

+  <^u2lP*i(Pi  +  Pl)  +  P5(PJ  +P2)  +  P5(PJ  +  /«)) 

+  OujPfPlPJ  (Pi  +  Pl  PSl  +  <ru  bi  +  P2  +  PjJ 
+  <»KLPiPi  +  +  pipij  +  a,„ Ipt  -t-  pf  -f- p$] 

+  ®u2(pt(pi  +  p?)  pKp?  ■^  p5)  +  ptip]  +  p|)i 
+  <^mpip!p?  H„  (Pjp?  +  /«p§  +  pip§] 

+  P«l^(pi  +  pi)  /1(pi  +  pi)  +  /«(p?  +  pD) 

+P44(P|P2P,p  -t-  PjPjPjPj  +  PjP,p3p,j  +  Pilej  +  e|  +  ef) 

+  Pii  (61  +  ej  +  ej]  +  7,,  (pjef  +  /wef  +  /^e§) 

+  TwlPfCef  +  ej)  +  pi{9\  +  e?)  +  pjfe?  +  e|)] 

+ir*4(P,P2e,e,  +  PjPjeje,  +  p,p,eje,i 
- 1  (A”?  +  XI  +  XI]  -  S,j  [XxXj  +  XjXj  +  XiXi] 

-  +  A’l  +  AJj  -  0„(Jf,PJ  +  XiPi  +  A’j/®] 

-  C?ijIA’,(/^  +  Pj)  +  Af,(Pf  +  /«)  +  A',(Pf  +  p*)j 

-  QM[X,P^P,  +  Jr,P,P,  +  A*P,P,J  -  z„  [Xlp,  +  Alp,  +  Alp,) 

~  ^\i[Xx{p\  +  p1)  +  a,(p1  +  p1)  +  +  p2)j 

-  z^[x^jPj  +  x^j)j  +  x^j}2]  -  (A^.ei  +  A’^ei  +  a, el] 

-  P,j(^,(0l  -t-  91)  +  a, (91  +  91)  +  A,(el  +  91)1 
~  P44  (^48:0,  +  ^,9,9,  +  A«9|62] 
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7^  SotMtkmtothmBimnuFimedan 

Consldeimg  rero  stress  conditions  the  following  solutions  to  the  energy 
function  (Equation  7.3)  are  of  Interest  in  the  PZT  ^tem: 


e,  =  62  =  03  =  0 


01  =  02  =  63  *  0 


Paraelearic  Cubic  (Pc) 

Pl  =  P2  —  Py  —  0,  Pl~P2~P3~®«  01  =  02  =  03  =  0  (7.4) 

Ferroelectric  Tetragonal  (Fj-) 

Pj  =  />2  =  0.  P]  0,  p,  =  p,  =  p3  =  0.  0,  =  02  =  03  =  0  (7.5) 

Ferroelectric  Orthorhombic  (Fq) 

P,  =  0.  P\  =  P\^  0,  p,  =  p2  =  p3  =  0,  =  03  =  03  *  0  (7.6) 

Ferroelectric  High-temperature  Rhombohedral  (Fufur}) 

P\  =  Pi  =  PI  *  0.  p,  =  Pj  =  Pj  =  0,  0,  =  02  =  03  =  0  (7.7) 

Ferroelectric  Low -temperature  Rhombohedral  (Fufcn) 

P\  =  P\  —  P\  ^  0,  Pi  ~  Pz  “  Ps  ~  of  =  02  =  03  ^  0  (7.9 

Antiferroelectric  Orthorhombic  (Aq) 

p,  »  p,  =  p^  =  0.  p,  =  0.  p2  =  p2  0,  0,  =  02  =  03  s  0  (7.9) 

AU  of  these  sohitlons.  except  for  the  fezroelectilc  ortbohomi^  solution,  are  stable  In 
the  PZT  ^tem.  The  ferroelectric  orthorhombic  solution  was  also  included  here, 
because  the  coefficients  necessary  to  calculate  the  energy  of  tis  phase  can  be  determined. 
An  independent  check  of  the  calculated  coefficients  can  then  be  made  by  confirming 
that  this  phase  is  metastaUe  across  the  PZTq^em. 

Applying  these  solutions  to  Equation  7.3  under  zero  stress  conditions  results  m 
the  follow^  relations  for  the  energies  of  each  solution 


Pc  =  0 

Ft  =  a^Pi  +  auPJ  +  a„iP5 

Fo  =  2a, P?  +  (2a„  +  0,2)/^  2(a,,,  +  a„2)P5 

f^RtHT)  -^Cr  -  ia,P^  +  3(a,,  +  a,2)P3  +  (Som  +  6a, ,2  +  oti23)P3 

^KfLD  <^C!  =  ia,Pj  +  3(a,,  +  a,2)P3  +  (3a,,,  +  6a, ,2  +  oiizi)P^ 

+  3(3,0^  +  3p„05  +  3(y„  +  2y,2  +  744)^363 

Aq  AC  =  2aj>l  +  (2(7,,  +  (7,2)p^  +  2(a,„  +  <7,,2)p5 


(7.10) 

(7.11) 

(7.12) 


(7.13) 


(7.14) 

(7.15) 
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The  spontaneous  ferroelectric  and  antlferroelectrlc  polarizations  (P3  and  ps) 
and  tilt  angle  (O3)  in  the  above  equations  can  be  found  firom  the  first  partial  dettvative 
stablltty  condlUons  (daC/dPa.  dAG/dpa.  and  dAG/dOa)  as  shown  bdow. 

Ft  d^GIdPi  =  0  =  3a,iiP5  +  2auP|  +  a,  (7,16) 

Fq  d^GIdPj  =  0  =  3(a||)  +  a.ii2)Pj  +  (2aii  +  “112)^3  ttj  (7.17) 

^R(HTi  d^GldPj  =  0  =  (3a, ,1  +  6aii2  +  0123)^3 

+  2(a„  +  a,2)Pi  +  a,  (7.18) 

^RtLTt  B^GIdPj  =  0  =  (3an,  +  6a, ,2  +  £*123)^ 

+  2(a„  +  a,2)Pf  +  a,  +  'y„0§  (7.19) 

dAG/dQi  =  0  =  P,  +  2p,,9i  +  7,,P§  (7  20) 

Ao  d^G/dpi  =  0  =  3(a,„  +  ^,,2)^3  +  (2(Tii  +  (T,2)p|  +  a,  (7,21) 

The  polarlzatlona  and  tilt  angle  can  be  calculated  by  solving  these  quadratic  equations. 
Equations  7.10  •  7.15  relate  the  energies  of  each  solution  to  the  coefficients  of  the  energy 
function.  Thus  by  determining  these  coefiBdents.  the  energies  of  each  phase  can  be 
calculated. 


733  S^MKitanaousEfcHCk;  Strains 


The  spontaneous  elastic  strains  zi  (dSG/3Xi)  under  zero  stress  condittons  can  be 


derived  firom  Equation  73  as  follows: 

Pc  X,  =  X2  =  1:3  =  X4  =  x,  *  Xft  =  0  (7.22) 

Ft  x,  =  X2  =  QuPi  X3  =  Qn^l,  X4  =  X5  =  x^  =  0  (7.23) 

Fq  ~  20,2^3,  -*2  ”  -*3  ~  (Oil  Oir)^' 

X4  =  QmPj,  x,  =  Xft  =  0  (7.24) 

fRiHT,  =  X2  =  X2  =  (On  2Qx2)PI,  X4  =  X5  =  Xft  =  Q^^Pl  (7.25) 

P RtLT>  Xi  =  X2  *  X3  =  (Q,,  +  2Q,2)P3  +  {Rii  +  2/?,2)03, 

X4  =  X,  =  X4  =  Qi^Pl  +  /?4a  O3  (7.26) 

Ao  Xy  =  2Z12P3,  X2  =  Xy  =  (Z,,  +  Z,2)P3. 

X4  =  Z44P3.  X,  =  Xfe  =  0  (7.27) 


These  spontaneous  strain  relations  can  be  shown  to  be  very  important  in 
determining  the  coefficients  (rf*  the  energy  functloiL  Spontaneous  strain  data  will  be 
determined  firom  x-n^  diffiactlon  of  PZT  powders,  and  used  with  the  electrostnctive 
constants  to  calculate  the  spontaiMous  polarization,  which  Is  needed  to  determine 
coefficients  ctf  the  energy  ftinctloiL 
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7SA  intrtngkDitImetrIcPnpertU* 

Relations  for  the  rdattve  dielectric  stlffiiess  xij  ( »  d^AG/dP|dPj)  were  derived 
finom  Equcbon  7.3  for  the  six  solutions: 

Xu  =  X22  =  X33  =  2Eoa,.  X12  =  X23  =  X31  =  0  (7.28) 

fr  Xn  =  X22  *  2£o(a,  +  a^Fj  +  anjP^l. 

X33  =  2£o(oi  +  6ai,Pi  +  15a„iP5],  Xi2  =  X23  =  X31  =  0  (7.29) 

fo  Xu  =  2eo(o,  +  2a,2/i  +  (2a, ^  +  a,23)P$J, 

X22  =  X33  =  2£o(ai  +  (601,  +  a,2)Pf  +  (ISa,,,  +  7a,i2)P51, 


X12  ~  X31  “  X23  *  (7.30) 

F KiHT)  Xu  ~  X22  ~  X33  ~  2£o{o,  +  (6a, 1  +  2a22)P3 
+  (15a, ,1  +  14a, ,2  +  a,23)P3, 

X12  ~  X23  ~  X31  ~  4£o  (0,2^3  +  (4a, ,2  +  01123)^1  (7.31) 

Fr(lt)  Xu  =  X22  =  X33  =  2£o(a,  +  (6a„  +  2a,2)Pf 

+  (15a,,,  +  14at,2  +  (^123)^3  +  (7ji  +  27,2)031* 

X 12  ~  X23  *“  X31  “  ^®ol®i2^3  +  (^U2  “123)^  744011  (7.32) 

Xu  *  2£o(ai  +  2iL,2P3l,  X22  ~  X33  “  2£o(a,  +  (ji,,  +  (^12)^3]* 

X12  =  X31  =  0,  X23  =  «om4P3  (7.33) 


The  multlpllcaUon  by  permittivity  of  free  space  eo  in  these  equations  was  required  to 
convert  absolute  to  relative  dielectric  stl£hesses.  Equations  7.28  •  7.33  can  be 
used  to  calculate  the  relative  dielectric  sUSoeas  for  each  phase  baaed  on  the  original 
cubic  axes. 

In  the  orthorhombic  state  the  polarization  can  be  along  of  the  <110>  directions 
of  the  original  cubic  axes.  The  polarization  of  the  ifaonibohedral  state  can  be  along  any 
of  the  <11 1>  directions.  By  rotating  these  axes  so  that  for  both  states  the  new  sea  axis  is 
along  the  polar  directions,  diagonalized  matrices  win  result.  The  new  dielectric 
stlflhiess  codRcients  (indicated  by  s  prime)  can  be  related  to  the  did  coefficients  (defined 
by  equations  7.28  •  7.33)  with  the  following  relations; 


Fo  and  Ao 

Xu  —  Xu* 

X^  =  X33 

~  X23 

(7.34) 

X33  ®  X33 

X23*  Xt2 

~  X23  ~  X31  “  0 

Fr(ht>  F niLTt 

Xil  =  Xi2  = 

Xu  ”  X12* 

X33  “  Xu  2xi2 

XI2  =  X23  *  X31  =  0  (7.35) 
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These  equaUons  can  be  used  to  calculate  the  dielectric  stiffiiess  of  the  orthoihombic 
and  rhombohedral  phases  parallel  and  perpendicular  to  the  polar 

The  dielectric  susceptibility  coelHclents  (nij)  can  be  detennined  from  the 
reciprocal  of  the  dielectric  stlfSaess  matrices  (xij)  using  the  following  relation: 

y]„  =  (7.36) 

where  and  A  are  the  cofactor  axul  detennlnant  of  the  xij  matrix.  Using  this  relation 
results  in  the  following  relations  for  the  dielectric  susceptibility  coefficients  (ni)): 


Pc  nn  =  ^22  =  ^3  =  //Xn.  T)J2  =  ■n23  =  %!  =  0  (7.37) 

Pt  -nil  =  •n22  =  1/Xn.  1)33  =  1/X33  (7.38) 

FoOndAo  Tjn  =  1/Xii.  1(22  =  =  Xsi/ixh  ~~  xD« 

1)12  =  1)31  =0,  TI23  =  -X23/(X33  -  X23)  (7.39) 

■nil  ==  l/xli*  1)22  =  l^Xri’  "nw  ®  I'^Xm 

■ni2  =  "na  ®  "nn  “  0  (7.40) 


P ii<HT)^^^P/i(LT>  ■Hii  -  1)22  =  1)33  “  (Xii  ~  xlzViXii  ~  3xuXi2  2x1:) 

1)12  =  1)23  *  1)31  =  (Xi2  -  XijXi2y(xii  -  3xnXi2  +  2x1:) 

1)u  *  1)22  *  l^xln  1)33  “  l'^X33  (7.41) 

1)12  =  1)23  *  1)31  ®  0  (7.42) 

These  equations  can  be  used  to  calculate  the  dielectric  susceptibilities  of  each  phase 
firom  the  coefficients  of  the  energy  function. 


Relations  for  the  piezoelectric  bij  coefficients  ( =  3*AG/dI^a3W  were  derived  from 
Equation  7.3  for  the  tetragonal  and  rhombohedral  states  as  shown  below: 

Pt  ^^33  ®  2Qii/*3,  ^>31  “  ^32  ®  2Qi2P3, 

^15  *  ^24  *  Q**P }-  i>xi  =  bi2  =  6i3  =  bit  =  =  0. 

^21  =  622  *  ^23  ~  ^23  ~  ^26  =  ^>34  *  ^35  *  ^36  ~  0  (7.43) 

P P RlLTt  ~  b^z  *  ^33  “  ^011^3*  ^14  ~  ^23  “  ^36  ~  0 

^12  ~  ^13  *  ^21  ~  ^23  ~  bji  =  bi2  —  2Q12P3, 

bl5  ~  bif,  *  624  “  ^26  =  ^34  =  ^35  ~  (7.44) 
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since  a  coupling  term  of  type  XiPfOi  was  not  included  in  Equation  7.3,  the  b« 
relations  (Equation  7.44|  for  the  high  and  low  temperature  rhombohedial  phases  axe  « 
the  form.  However,  the  spontaneous  polarizations  P3  are  defined  by  different 
relations  for  the  high  and  low  temperature  rhombohedral  phases,  and  thus  different 
values  would  result  for  these  coefficient. 

The  piezoelectric  d|j  coefifidenis  are  defined  by: 

d,i  =  b„yuM  (7.45) 

Using  this  relation  for  the  tetragonal  and  rhombohedral  states  results  m  the  following 
relations: 

Ft  ^33  “  2£o‘n33Qll^3«  <^3l  *  ^32  “  2eo“n33012^3* 

dis  ~  dn  =  ^O^IuOmF 3*  dll  ~  di2  =  di3  =  di4  =  =  0, 

dzi  =  ^22  ~  ^23  -  ^25  =  ^2S  =  <^34  ®  ^35  =  <^36  =  (J  (7.4Q 

FR(HT)^^d dll  ~  d-ji  =  dyy  =  2eo('nuQii  +  2x112^12)^3, 
d\l  *  di^  =  dil  -  <^23  “  dil  =  d)2 
*  2eo[iiiiQi2  +  ■ni2(Qii  Qir)!^ 3* 

di4  =  d23  —  dj^  =  260^12044^  3» 

di5  =  <^16  “  <^24  “  <^26  ~  ^34  “  <^35  “  'fil2^044^ 3>  (7.47) 

The  multiplication  by  the  permlttlvtty  of  fiee  space  eo  in  these  three  equations  was 
required  to  convert  the  dielectric  susceptibilities  from  relative  to  absolute.  Equations 
7.43.  7.44. 7.45.  and  7.46  can  be  used  to  calculate  the  plezoeleectnc  bu  and  dy  cortfflrlmts 
of  the  tetragonal  and  rhombohedral  phases  firom  the  coeflldents  of  me  energy  function. 
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7JL0  MintationqfatMrnmoamiologiDalConMtmta 


The  tniMai  basic  assumption  applied  was  that  all  temperatme  dependence  was 
carried  the  lowest  order  sdfoess  constants  ai  and  ti  adilch  were  made  linear  functions 
of  temperature.  Hie  Currie  temperature  Te  was  taken  firom  the  phase  diagram  and  the 
Curie  constant  C  used  measured  values  taken  Cram  high  density  ceramic  samples.  The 
temperature  dependence  of  Pg  required  to  model  the  higher  order  ay.  Curie  was 
determined  by  assuming  quadratic  electrostrictlon  and  measurUig  the  X-ray 
spontaneous  strain  in  careful  prepared  chemically  copreclpated  powders.  The  MPB 
Imposes  a  major  constraint  upon  the  a’s  since  ft  requires  Uiat  near  the  50/50  Zr/Tl 
coiuposltlon  the  tetragonal  arid  rhombohedral  phases  have  similar  energies  across  a 
very  wide  temperature  range. 

Pull  details  of  the  procedures,  and  of  the  most  recent  families  of  constants  can 
be  found  In  references  81-85.  A  tabulation  of  the  room  temperature  values  is  given  in 
table  7.2. 

7.3.7  rntrtnsfc  Properties  qfPZT 

Plots  of  the  free  energy  vs  compositions,  using  the  fitted  parameters  are  given  In 
fig.  7.8  for  temperatures  of  25*C.  75*C  and  125*C.  The  resulting  phase  diagram  deduced 
from  the  crossing  points  of  the  phase  stability  lines  for  the  whole  composition 
temperature  field  is  given  in  fig.  7.9  and  Is  shown  to  be  In  good  agreement  with  the 
accepted  phase  diagram. 

Indications  of  the  capability  to  delineate  single  domain  properties  are  given  in 
fig.  7.  10  for  the  susceptibility  as  a  function  of  temperature  in  the  PZT  60:40.  and  in  the 
susceptibility  as  a  function  of  composition  at  room  temperature,  given  in  fig.  7.11. 
Ehcamples  of  the  full  family  of  elasto-dlelectric  properties  which  can  be  deduced  are 
given  in  the  original  references. 


7A  rmiVTltMMwM  to  in  PCT  Tyjio  PigMMWrainkw 


Even  m  the  best  poled  PCT  ceramic,  because  of  the  random  orientation  and  the 
internal  stresses  generated  by  switching  the  large  spontaneous  strains  during  poling, 
the  sample  does  not  come  to  an  ensemble  of  single  domain  grains.  Thus  in  constderlng 
the  polarizability  of  the  ceramic  in  its  ferrodectzic  phases,  we  must  consider  the 
>Tttrin«ir  contributions  due  to  dianges  m  the  polar  domain  structure  and  phase  makeup 
brought  about  by  the  field.  The  type  of  changes  occurring  which  could  contribute  to  the 
polarizability  are  shown  schematicafiy  in  two  dimensions  in  fig.  7. 12. 

For  the  piezoelectric  re^nse.  only  extrinsic  actions  adiich  are  shape  changing 
win  contribute  so  that  simple  180*  domain  waD  motion  does  not  contribute,  and  Is  m 
fact  deleterious  to  piezo  response  since  it  contributes  polarization  without  any  shape 
changes  e.g 

3(3*011  Fa?  aod  tPs  give  rise  to  identical 

strains  X3  and  zi 

XI »  0i2  Fa* 

Non  180’  wan  nmtlon.  that  la  motion  of  90*  walls  In  the  tetragonal  phase,  and 
motion  of  71*  and  110*  wafis  In  the  rhombohedral  phases  win  give  rise  to  shape  change, 
however,  the  nature  of  the  shape  change  win  depend  cm  the  relation  between 
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TABLE  7.2 


Values  of  the  coefficients  used  in  the  energy  function  (eq.  7.3)  at  25*C. 
as  a  function  of  Zr.Tl  ratio. 


Mol*  Fraction  PbTiO-.  in  PZT 

0.0 

0.1 

0.: 

OJ 

0.4 

04 

0.6 

0.7 

0.8 

(1.9 

1.0 

TcTO 

.M».6 

334.4 

364.3 

392.6 

41S.4 

440.2 

459.1 

477  1 

4911 

awo 

:.o:7 

:.050 

:.os3 

M53 

2.424 

4.247 

1664 

t.sst 

1.642 

1..447 

i.m 

t>„  (10-=in''O 

4  6:0 

5  080 

5-474 

6.175 

7.260 

9.660 

S.lt6 

*.37 

S.I42 
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7.8  rai/niifltiid  Free  Energy  profiles  for  each  reahzabie  phase  as  a  function  of  ZrTl  ratio 
at  (a)  25‘C.  (b)  75*C.  fc)  125*C 
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F^g.  7.9 


Fig.  7.10 


Compailson  of  calctilated  and  measured  phase  diagram  for  PZT. 


Single  domain  dlelectnc  susceptibility  calculated  for  a  PZT  60:40  composltloa 
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Fig.  7.  1 1  Dielectric  siisceptlblltty  of  single  domain  states  as  a  function  of  ZrTl  ratio. 
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Fig.  7.12  Possible  mechanisms  which  can  contribute  to  the  dielectric  polarizability  in  a 
ferroelectric  PZT  at  the  MPB  compostUon. 
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ferroelectric:  ferroelastlc  wall  motion  and  pure  ferroelectric  wall  motion.  From 
Bgure  7.13.  If  90*  motion  occurs  before  180*  motion  the  efifcctlve  shape  chatig*  reverses 
sign  with  the  field,  if  however  180*  motion  precedes  90*  wall  motion  the  change 
does  not  reverse  sign  with  the  field  and  is  eCfectlvely  electrostrlctlve.  A 
situation  exists  for  phase  boundaiy  motion  (fig.  7.14)  where  again  the  relation  to  pure 
fexToelectHc  180’  wall  switching  is  quite  cntlcaL 

It  must  be  stressed  that  In  all  these  considerations  it  is  that  component  of  wall 
motion  which  is  reversible  with  the  field  and  which  persists  down  to  almost  zero  field 
which  is  of  Important. 
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Fig.  7.13  Shape  changing  effects  of  180*  pure  ferroelectric  and  ferroelectric:  ferroelastlc 
domain  wall  motion,  depicted  m  si^ematlc  two  dlmenaional  models. 
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Fig.  7.14  Shape  effects  of  ISO'  pure  ferroelectric  domain  motkm  and  of  phase 

boundary  motion  In  a  VZT  feiroelectiic  at  a  composttion  near  the  MFB. 


7A.I  Centra  qfKKtrtnaleOoiartlmthmt^Mmponm 


Durti^  the  course  of  man]r  years  of  enq;>ti1cal  devdppment  a  wide  range  of  low 
level  additives  (0-5  mdie9^  have  been  found  to  have  a  mariBed  mOuence  upon  dlekctdc 
and  piezoelectric  properties  In  PZT  compositions.  In  general,  the  allovalent  oaddes  foil 
Into  two  distinct  groups.  Electron  donor  addltloiis  where  the  charge  on  the  cation  is 
larger  «ia«  that  whidi  It  replaces  m  the  PZT  structure  aral  electron  acceptor  additives 
where  the  charge  on  the  cation  la  smaller  than  that  of  the  Ion  wfalcfa  It  replaces  (table  7) 

The  domr  additions  enhance  both  dldectnc  and  plezoelectrtc  reqxmse  at  room 
temperature  and  \mder  high  fields  show  s^unetrlcal  unbiased  hysteresis  kxqrs  with 
good  "squareness"  and  lower  coercMty.^^^  The  acceptor  additives  in  general  reduce 
both  dlelectnc  and  piezoelectne  responses,  they  gl^  rise  to  higher  aqymmetnc 
hysteresis  response,  larger  ooerdvlty  aral  higher  electrical  and  mechantcal  Q.  That  the 
effects  of  the  dopants  are  mostly  upon  the  catrmslc  components  of  response  Is  expected 
from  their  marked  Influence  cm  the  hysteresis  and  Is  confirmed  by  the  very  low 
tenoperaturebehavlouri  (fig.  7.15).  For  the  Navy  Qq>e  I  to  V  the  composidons  range  from 
a  string  donor  doping  (^rpe  V)  to  a  strongly  acceptor  doping  In  Qqie  m  but  an  are  at  the 
same  Ztfn  raUo.  It  nuy  be  noted  that  the  very  large  difference  in  weak  field 
permlttlvtty  (e>3000  -v  e>75(n  is  completely  lost  at  liquid  helium  temperature  vrtiere 
afl  ccmtrlbutlons  are  frozen  orrt.  and  that  the  data  agree  quite  wefl  with  the 

Intrinsic  pennltUvlty  calculated  from  the  average  of  the  single  domain  values  deduced 
from  the  thermodynamic  theory  for  that  composition  and  temperature. 
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Fig.  7.15  Common  'dopants'  used  In  'soft'  donor  doped  and  liard'  'acceptor*  doped  PZT 
compositions. 

In  the  acceptor  doped  compositions  there  are  very  good  explanations  of  how  the 
domain  structure  (not  the  wall)  is  stabUted.^*^*^  In  essence  the  charged  acceptor 
assoelatea  with  an  oi^gen  vacancy  to  produce  a  slowly  mobile  defect  dipole.  The 
vacancy  Is  the  only  mobile  defect  in  the  perovskite  at  room  temperature  and  the  defect 
dipole  orients  by  vacancy  migration  in  the  dipole  field  associated  with  the  domain. 
Thus  over  time  the  existing  domain  structure  (poled  or  unpoled)  Is  stabllteed  and  the 
walls  are  "sUfiened."  Bias  phenomena  m  bo^  poled  and  unpoled  ceramics  can  be 
logically  explained  as  can  some  facets  of  the  aging  behaviour  arid  the  time  dependence 
of  mechanical  Q. 

For  donor  doped  samples,  there  are  only  "hand  waving  arguments  as  to  how  or 
why  the  domain  waUs  should  becmne  more  mobile  and  md^  ft  Is  not  dear  whether 
the  effects  are  from  domain  wafis,  phase  boundaries,  or  are  defect  Induced.  Much  mote 
work  Is  needed  to  determine  the  physics  of  the  softening  In  these  materials. 

A  Cavortte  pastime  for  empirical  development  has  been  the  combination  of  PZTs 
with  telaxor  spin  ^ass  lead  baaed  compositions  to  produce  Improved  "soft"  high 
permlttlvtty  high  coupling  ceramics  (fig.  7.19  and  a  vast  range  of  compositions  has 
been  explored.  In  geiwral  the  effect  is  to  lower  Te.  raise  e.  raise  and  kp  and  das.  ‘Hie 
typical  ranges  of  advantage  are  given  in  7.16.  Usually  the  compositions  used  follow 
closely  along  the  MPB  mto  these  3  component  phase  diagrams. 

741  BecUostf tve  Aetaatoia 

The  poled  ferroelectric  domain  structure  of  the  normal  piezoelectric  PZT 
provides  very  useful  actuators  with  field  induced  strain  of  order  1  -  2.10*^  at  field  leveb 
of  lOkV/cm.  For  systems  vdilch  require  a  fiducial  zero  strain  position  however,  aging 
and  deaglng  (ff  the  domain  structure  under  high  fields  lead  to  uncooffortable  changes 


of  the  zero  Held  dimensions  which  are  unacceptable  in  precise  positioning 
applications. 


For  the  electrostzictor  (Dg.  7.17)  useful  strain  levels  require  veiy  high  levels  of 
Induced  polarization  Le.  high  dielectric  permlttMty. 
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Fig.  7.16  Examples  of  systems  ualzig  a  relaacor  additives  to  PZT. 
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Fig.  7.17  Actuation  using  the  direct  electrostxlctive  effect  In  a  vexy  high  K  ferroelectxic  type 
perovskite. 


Fig.  7.18  lypical  polaUzatksustrain  curves  in  a  PMN  electrostriction  actuator  as  a  function 
of  temperature. 


In  the  relazor  ferroelectric  spin  glass  compositions  like  lead  magnesium 
nlobate  (PMN),  at  temperatures  above  the  freezing  temperature  large  levels  of 
can  be  induced  at  realizable  field  leveb  and  high  quadratic  levels  of  strain 
m  Doaafble  (fig.  7.18).  Reproducibility  the  strain  under  cydteE  field  Is  evident  in 
fig  719imd  is  compared  to  the  "walk  ofT  which  occurs  m  a  PZI8  due  to  de-aglng. 
F^ure  7’.20  show  that  the  strain  is  tiuely  quadratic  when  referenced  to  the  polarization 
a^would  be  expected  In  electroatnctors.  It  Is  Interesting  to  note  that  the  Q  constanto  f« 
PMN  are  temperature  independent  over  the  range  from  100  to  -60  C 

(fig  7  21)  An  unexpected  bonus  in  the  relaxors  Is  that  the  steady  accretion  of 
for  temperatures  below  T  Bums  leads  to  an  expansion  term  of  the  lorm 

Av  a(0ll '»‘20i3)P<iii>^ 

which  tends  to  compensate  for  the  normal  thermal  contoc^n.  Thus  ov»  a 

near  20X  It  IS  possible  to  mate  PKm|10%PT  wito  ULE  glass  so  that 
can  be  controUed  electrically  but  do  not  drift  thermally. 


Fig.7  19  Contrasting  the  rmn  linear  but  repeambte  straw  in  a  PMN:PTrelaxorwi& 

^  ‘  in  zero  field  strain  vrtilch  occurs  in  a  PZT  8  formulation. 


71 


Fig.  7.20  Quadratic  electiostilcttve  response  tn  a  PMN:10%FT  actuator  composition. 


Fig.  7.21  ElectrostncUon  constants  Qi  i  and  O12  vs  temperature  m  PMN:10%  FT. 


fluo  nwoMBCTwc  coMPoerras 

Dielectric,  piezoelectric  and  properties  of  poled  piezoelectric  ceFamics 

are  tensor  quantities  and  for  mai^  types  of  application  it  is  possible  to  spell  out  a 
figure  of  merit  for  the  xnatelal  which  often  requires  the  enhancement  of  some  td  these 
tensor  coefficients  and  the  diminution  of  others. 


A  typical  example  is  the  requirement  for  sensing  very  weak  t^drostatic  pressure 
waves  using  large  area  sensors  as  in  maxqr  Navy  hydrophone  needs  (fig.  8.1).  For 
hydrostatic  pressure  (fig.  8.2)  the  stress  Xu  «  X22  *  Xsa  »  -p.  so  that  the  polarlzatlan 
change  P3  is  given  by 

P3  «  d33(-p)  *  dsi  (-p)  ♦  d3i  (-pi 

*  (d33  +  2d3i)(-p) 

»  dh(-p) 

where  dh  is  called  the  hydrostatic  piezoelectric  charge  coefficient 

The  voltage  generated  by  the  hydrophime.  working  Into  a  very  high  impedance 
load  win  be  give  by 


(d3-«>2d3i) 

*>■  <u 


and  a  figure  of  merit  often  used  ibr  hydrophone  materials  is  the  product  thigh 


(d33  •»  2d3i)^ 
*33 


For  sensittvtty  PZIb.  there  is  an  unfortunate  near  cancellation  such  that 

d33  =  -2d3i 

so  that  dh«  das  or  dai.  and  PZT  alone  is  not  a  good  hydrophone  matertals 

In  exploring  composites  for  hydrophone  applications  it  would  be  advantageous 
from  the  pomt  of  view  cf  density  and  ^  flexibility  to  combine  the  ceramic  with  a 
dielectric  polymer.  Comparing  the  dielectnc  and  elastic  properties  between  two  such 
phases,  a  fascinating  juxtaposiUon  Is  evident 

Dielectrically  PZT  is  ultra  soft  (k  -  S.CXX))  whilst  the  polymer  Is  quite  stiff 
(k  >  10)  but  m  the  elastic  re^wnse.  just  the  converse  is  true.  The  Mtymer  is  ultra  soft 
(sii  -  ao.lO'^^M^/N)  but  the  ceramic  is  very  stiff  (sn  -  2.10'^^M^/N)  thus  by  careful 
control  the  mode  in  which  each  phase  is  aelf-coiuiected  In  the  composite  one  can 
"steer*  the  fluxes  and  fields  so  as  to  enhance  wanted  coefficients  and  diminish 
unwanted  coefficients  so  as  to  vastly  Improve  the  figure  of  merit 
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Fig.  8.1 


Fig.  8.2 


Examples  of  the  need  for  large  area  l^drophone  sensors  m  submarine  acotisdcs. 
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Stress  system  seen  by  the  transducer  under  l^drostatlc  conditions. 
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Over  towe  12  years  of  Intenalve  effort  to  design  effective  composites  three 
nnpoxtant  basic  principles  have  emerged. 

•  ConnertMty.  The  mode  of  self  interconnection  of  the  phases  controls  the 
and  fields  In  the  system  enabhT>g  a  talloiing  of  the  tensor 

•  Symmetry.  Both  the  symmetry  of  the  individual  component  phases  and  the 
macro  symmetry  of  their  arrangement  in  the  composite  can  be  used  for 
additional  control. 

•  Scale.  The  mode  of  averaging  for  the  property  coeflBcients  depends  upon  the 
scale  of  the  composite  phases  in  relation  to  the  wavelength  of  eaecitatlon. 
Unusual  resonances  can  occur  when  X  and  d  are  comparable. 

A  major  aid  in  thinking  about  the  design  of  cormectMty  was  the  simple  cubes 
model®*  (fig.  8.3)  and  the  associated  notation,  now  internationally  accepted  which 
describes  the  dimensionality  of  the  connectivity  for  active  and  passive  phases. 


>3  <lw«  Tia«n) 


Fig.  8.3  Simple  'cubes  model'  of  connectivity  patterns  possible  m  a  two  phase  piezoelectric 
ceramic  potymer  composite. 
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An  Indication  of  the  many  types  of  connectMtes  which  have  been  used  at  Penn 
State  for  ptexoceramlc:  polymer  coinposltes  is  shown  in  fig.  8.4  axid  a  measure  of  the 
improvement  In  hydrophone  figure  of  merit  over  pure  PCT  for  some  of  these  systems  is 
shown  In  fig.  8.5. 


The  special  case  of  the  1:2:3:0  composite  which  uses  PZT  rods  In  a  foamed 
polymer  matrix  with  transverse  glass  remforoement  la  given  in  fig.  8.8. 

For  the  1:3  type  composites  a  major  Impediment  to  evolution  for  large  scale 
structures  has  been  the  problem  of  aasemb^.  Recent^  Fiber  Materials  of  Blddeford. 
Maine  have  applied  their  ultraloom  (fig.  8.7)  technology  orginally  evolved  for  thick 
section  carbonrcarbon  composites  to  this  problem.  Using  the  ultraloom  they  are  able  to 
fftitch  PZT  posts  into  a  template  structure  which  contains  the  tranverse  glass  fiber 
reinforcement  (fig.  8.8)  and  make  sections  up  to  4  feet  In  width  and  ol  almost  any 
length. 


The  FMI  composites  are  not  only  Interesting  for  very  large  area  hydrophones, 
but  can  also  be  used  In  an  actuator  mode.  It  Is  Interesting  to  note  that  with  only  5  vol% 
PZT  and  a  resultant  density  of  2.2  gm/cm^  the  transverse  coupling  coefficient  kt  at  0.70 
Is  larger  than  that  of  solid  PZT  (fig.  8.9). 

The  1:3  t^  concept  has  also  been  applied  to  transducers  for  medical 
ultrasonics. Here  the  required  fiequendes  are  much  higher  -lOMHz  so  that  the 
•^1#  Is  very  much  and  the  rod  structure  can  be  cut  firom  aohd  PZT  (fig.  8.10)^ 

Rram  characteristics,  pulse  shape  and  coupling  factor  are  improved  over  solid  PZT 
transducers. 
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Fig.  8.4  Examples  of  composite  structrires  with  different  engineered  connecttvtttes. 
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F}g.  8.5  Hydrostatic  figures  of  mertt  achieved  uamg  dlfierent  connectlvttlea. 
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Pig.  8.6  P^ure  of  mertt  for  a  1-2-3^  tranaverae  retnforced  foamed  polymer  compoatte  va 
performance  of  pure  PZt. 


Fig.  8.7  The  Ultraloom  three  dimensional  weaving  machine  used  by  FMI  for  1:3  type 
composites. 


Fig.  8.8  PZrr  rod  pattern  m  a  transverse  reinforced  PZr.Epo:7  composite  undergoing 
fabrication  of  the  Ultraloom  at  FMI  Inc. 
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8U0  fmrrmaMrTBSC  PBOHEIMTEa  OF  THTV  FILMB 

In  a  perovsldte  structure  ferroelectric  In  its  tetragonal  ferroelectric  phase, 
symmetry  4inm,  the  non  zero  intrinsic  piezoelectric  constants  of  the  aingig  domain  are: 


dsi  * 

d32  = 

2Qi2Pdess 

dss  ■ 

^OiiPsesa 

di5  » 

d24  » 

QssPseii 

where  the  QlJ  are  the  non  zero  electrostnctlon  constants 

P3  Is  the  spontaneous  electric  polarization. 

^  the  components  of  the  dielectric  tensor. 

For  a  bulk  ceramic  poled  into  j^nical  synsnetry  (Curie  group  ••  mm)  we  expect 
similar  relations  except  that  now  the  0  ij  are  orientation  averages,  the  P3  is  now  Pr  and 
e33  is  to  be  measured  along  the  poling  direction. 

In  the  thin  film  it  is  probable  that  the  0  constants  are  not  significantly  changed 
so  that  If  we  can  achieve  high  values  of  Pr  and  of  ess  we  might  expect  strong 
plezoelectnctty.  imtlal  measurements  of  the  chan^  of  film  thickness  under  field, 
using  the  Perm  State  MRL  optical  ultradllatometer®^*^  show  a  clear  piezoelectric  effect 
(fig.  9.1).  Measuring  the  slope  of  a  sequence  of  strain:  field  curves  like  figure  9.1  at 
d^erent  DC  bias  kv^  a  maximum 

dss  3  217  pC/N  (Is  recorded  In  fig.  9.2). 

For  an  undoped  VZT  of  a  similar  52/48  Zrftl  ccmposttlan 

d33-223pC/N. 

To  measme  dsi.  since  the  film  Is  firmly  bonded  to  a  platinum  film  on  the  silicon 
substrate,  it  was  necessary  to  use  a  monomorph  bending  mode  excited  m  a  thm  silicon 
strip.  Again  the  measured  deflections  yield  a  i^ue  for 

dsi  »  •8a7pC/NQg.9.3). 

close  to  the  value 

dsi  «  *93S  pC/N 

quoted  for  the  52:48  ZrTl  undoped  composition. 

Taking  values  for  the  elastic  constants  sii^.  sss^.  sis^  similar  to  the  bulk 
ceramic  it  is  then  possible  to  derive  the  plezoekctnc  coupling  coefficients 


Kss  » 

0.49 

Ksi  » 

0.22 

Kp  . 

0.32. 
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ApplM  6l«cUte  n«id  (kV/em) 


Pfcaoetectric  constant  d33  as  deduced  firom  a  aequence  of  ktialnifleld  curves  sudi  as 
9.1  under  different  static  bias  field  levels. 


Pl^  9.3  Strain  measured  from  the  flexure  c£  a  PZT  52/48  thin  fUm  monomorph  on  a  silicon 
substrate. 

As  a  reUmlnaiy  exercise  to  esqilme  the  utility  of  the  hl^h  piezoelectric  constants 
and  strong  electromechanical  coupling  for  F2T  films  on  silicon  we  have  cooperated 
with  MTT  and  Lincoln  Labs  to  demonstrate  a  piezoelectnc  flexure  wave  micro*motar. 

The  concept  la  shown  schematically  m  fig.  9.4.  The  slllcoa  water  Is  coated  with 
a  thick  (2  4  meters)  silicon  o^j^nttrlde  film,  then  etched  from  the  back  aide  to  define  a 
wmdow  2.9  mm  square.  Titanium  bonded  platinum  electrode  is  deposited  upon  the 
upper  surface  and  a  4.500  A*  52:48  PZT  sol  gel  film  is  spun  on  and  processed  on  the 
upper  surface. 

The  upper  electrode  pattern  1  mm  In  diameter  is  plated  onto  the  upper  surface  of 
the  PZT  using  a  photo>reslst  technique. 

To  examine  the  surface  flexure  wave  generated  slnercoslne  fields  applied  to 
the  electrodes  a  0.8  mm  diameter  glass  lens  was  centered  on  the  electrode  patterxL  With 
a  field  of  2  volts  applied  tt  was  pomible  to  generate  stable  rotation  of  the  lens  at  a  speed 
>  120  tpm.  The  experiment  was  In  the  nature  of  a  proof  of  concept,  and  the  system  is 
rxiw  being  redesigned  to  better  locate  the  plattem  and  to  Improve  the  electrode  geometry 
and  dielectric  pc^ectiorL 

From  observation  of  the  acceleration  of  the  glass  lens  on  switching  on  the  fields, 
we  prq|ect  that  torques  of  the  order  10**  Newton  meters  are  realized  even  wtth  this  very 
primitive  design.  Such  torques  would  not  be  unreallsUc.  given  the  high  energy  density 
and  the  strong  coupling  confident  of  the  ferroelectnc  film. 
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Fltf.  9  4  drawing  of  the  electrode  pattern  Ibr  a  PCT  thin  film  mlcro-nwtor  using 

’  a  rotating  fiecuxe  wave  generated  m  a  PZT  film  on  a  silicon  o«y  nttrlde  diaphragm. 
The  rotating  wave  has  been  demonstrated  to  rotate  a  small  K).8  mm)  glass  lens  at 
<•120  rpm. 
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ELECTRONIC  CERAMICS 

Electronic  ceramics  is  a  generic  term  describing  a  class  of  inorganic,  nonmetallic 
materials  utilized  in  the  electronics  industry.  Although  the  term  electronic  ce¬ 
ramics,  or  electroceramics,  includes  amorphous  glasses  and  single  crystals,  it 
generally  pertains  to  polycrystalline  inorganic  solids  comprised  of  randomly 
oriented  crystallites  (grains)  intimately  bonded  together.  This  random  orienta¬ 
tion  of  small,  micrometer-size  crystals  results  in  an  isotropic  ceramic  possessing 
equivalent  properties  in  all  directions.  The  isotropic  character  can  be  modified 
during  the  sintering  operation  at  high  temperatures  or  upon  cooling  to  room 
temperature  by  processing  techniques  such  as  hot  pressing  or  poling  in  an  electric 
or  magnetic  field  (see  Ceramics  as  electrical  materials). 

Hie  properties  of  electroceramics  are  related  to  their  ceramic  microstruc¬ 
ture.  ie.  the  grain  size  and  shape,  grain-grain  orientation,  and  grain  boundaries, 
as  well  as  to  the  crystal  structure,  domain  configuration,  and  electronic  and 
defect  structures.  Electronic  ceramics  are  often  combined  with  metals  and  poly¬ 
mers  to  meet  the  requirements  of  a  hroad  spectrum  of  high  technology  applica¬ 
tions,  computers,  telecommunications,  sensors  (qv),  and  actuators.  Roughly 
speaking,  ^e  multibillion  dollar  electronic  ceramics  market  can  be  divided  into 
six  equal  parts  as  shown  in  Figure  1.  In  addition  to  SiOrbased  optical  fibers  and 
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displays,  electronic  ceramics  encompass  a  wide  range  of  materials  and  crystal 
structure  families  (see  Table  1)  used  as  insulators,  capacitors,  piezoelectrics  (qv), 
magnetics,  semiconductor  sensors,  conductors,  and  the  recently  discovered  high 
temperature  superconductors.  The  broad  scope  and  importance  of  the  electronic 
ceramics  industry  is  exemplified  in  Figure  2,  which  schematically  displays  electro¬ 
ceramic  components  utilized  in  the  automotive  industry.  Currently,  the  growth  of 
the  electronic  ceramic  industry  is  driven  by  the  need  for  large-scale  integrated 
circuitry  giving  rise  to  new  developments  in  materials  and  processes.  The  devel¬ 
opment  of  multilayer  packages  for  the  microelectronics  industry,  composed  of 
multifunctional  three-dimensional  ceramic  arrays  called  monolithic  ceramics 
(MMC),  continues  the  miniaturization  process  begun  several  decades  ago  to 
provide  a  new  generation  of  robust,  inexpensive  products. 
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Fig.  2. 
Denso,  Inc. 


Electronic  ceramics  for  automotive  applications.  Courtesy  of  Nippon 


Stnietur«-Prop«rty  Rvlations 

An  overview  of  the  atomistic  and  electronic  phenomena  utilized  in  electroceramic 
technology  is  given  in  Figtire  3.  More  detailed  discuasiona  of  compositional 
families  and  structure-property  relatioiuhips  can  be  found  in  other  articles.  (See, 
for  example,  Ferroelectrics,  Magnetic  materials,  and  Superconducting  ma¬ 
terials.) 

Multilayer  capacitors,  piezoelectric  transducers,  and  positive  temperature 
coefficient  (PTC)  thermistors  make  use  of  the  ferroelectric  properties  of  barium 
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Fig.  3.  An  overview  of  atomistic  mechanisms  involved  in  electroceramic  compo¬ 
nents  and  the  corresponding  uses;  (a)  ferroelectric  domains:  capacitors  and  piezoelectrics, 
PTC  thermistors;  (b)  electronic  conduction:  NTC  thermistor;  (e)  insulators  and  substrates; 
(d)  surface  conduction:  humidity  sensors;  (e)  ferrimagnetic  domains:  ferrite  hard  and  soft 
magnets,  magnetic  tape;  (f)  metal-semiconductor  transition:  critical  temperature  NTC 
thermistor,  (g)  ionic  conduction:  gas  sensors  and  batteries;  and  (h)  grain  boundary  phe¬ 
nomena:  variators,  boundary  layer  capacitors,  PTC  thermistors. 


titanate  (IV)  [12047-27-7],  BaTiOa,  and  lead  zirconate  titanate  [1262&81-2].  On 
cooling  from  high  temperature,  these  ceramics  undergo  phase  transformations  to 
polar  structures  having  complex  domain  patterns.  Large  peaks  in  the  dielectric 
constant  accompany  the  phase  transitions  where  the  electric  dipole  moments  are 
especially  responsive  to  electric  fields.  As  a  result,  modified  compositions  of  bar¬ 
ium  titanate  (qv),  BaTiOa,  are  widely  used  in  the  multilayer  capacitor  industry 
and  most  piezoelectric  transducers  are  made  frt>m  lead  zirconate  titanate, 
PbZri.xTijOj,  (PZT)  ceramics.  Applying  a  large  dc  field  (poling)  aligns  the  do¬ 
mains  and  makes  the  ceramic  piezoelectric.  The  designation  PZT  is  a  registered 
trademark  of  Vemitron,  Inc. 

Similar  domain  phenomena  are  observed  in  ferrimagnetic  oxide  ceramics 
such  as  manganese  ferrite  II2063-J0-4],  MnFe204,  and  BaFeiiOi7,  but  the  imder- 
lying  mechanism  is  different.  The  unpaired  spins  of  Fe’'*'  and  Mn^'*'  ions  give  rise 
to  magnetic  dipole  moments  which  interact  via  neighboring  oxygen  ions  through 
a  super-exchange  mechanism.  The  magnetic  dipoles  are  randomly  oriented  in  the 
high  temperature  paramagnetic  state,  but  on  cooling  through  the  Curie  tempera¬ 
ture,  7c,  align  to  form  magnetic  domains  within  the  ceramic  grains.  The  peak  in 
the  magnetic  permeability  at  Tc  is  analogous  to  the  peak  in  the  dielectric 
constant  of  ferroelectric  ceramics.  Domain  walls  move  easily  in  soft  ferrites  (qv) 
like  MnFet04  and  }*-Fe203,  which  are  used  in  transformers  and  magnetic  tape.  In 
barium  ferrite  11JJ38-11-7],  the  spins  are  firmly  locked  to  the  hexagonal  axis, 
making  it  useful  as  a  permanent  magnet. 


Vol.  1 


ADVANCED  CERAMICS  (ELECTRONIC)  60S 


Several  kinds  of  conduction  mechanisms  are  operative  in  ceramic  thermis¬ 
tors,  resistors,  varistors,  and  chemical  sensors.  Negative  temperature  coefficient 
(NTC)  thermistors  make  use  of  the  semiconducting  properties  of  heavily  doped 
transition  metal  oxides  such  as  n-type  Fe2-xTix03  and  p-type  Nii_xLixO.  Thick 
film  resistors  are  also  made  from  transition-metal  oxide  solid  solutions.  Glass- 
bonded  Bi3_2xPb2,Ru207_x  having  the  pyrochlore  [l2174-36-6\  structure  is  typi¬ 
cal. 

Phase  transitions  are  involved  in  critical  temperature  thermistors.  Vana¬ 
dium  ,  VO2,  and  vanadiiun  trioxide  [1314-34‘7],  V2O3,  have  semiconductor-metal 
transitions  in  which  the  conductivity  decreases  by  several  orders  of  magnitude  on 
cooling.  Electronic  phase  transitions  are  also  observed  in  superconducting  ce¬ 
ramics  like  YBa2Cu307_x,  but  here  the  conductivity  increases  sharply  on  cooling 
through  the  phase  trsuisition. 

Ionic  conductivity  is  used  in  oxygen  sensors  and  in  batteries  (qv).  Stabilized 
zirconia,  2bri_,Cax02-x>  has  a  very  large  number  of  oxygen  vacancies  and  very 
high  0*~  conductivity.  ^-Alumina  ll2005-48-0i,  NaAliiOi7,  is  an  excellent  cation 
conductor  because  of  the  high  mobility  of  Na'*'  ions.  Ceramics  of  ^-alumina  are 
used  as  the  electrolyte  in  sodium-sul^  batteries. 

Surface  conduction  is  monitored  in  most  humidity  sensors  through  the  use 
of  porous  ceramics  of  MgCr204-Ti02  that  adsorb  water  molecules  which  then 
dissociate  and  lower  the  electrical  resistivity. 

Grain  boundary  phenomena  are  involved  in  varistors,  boundary  layer  capac¬ 
itors,  and  PTC  thermistors.  The  formation  of  thin  insulating  layers  between 
conducting  grains  is  crucial  to  the  operation  of  all  three  components.  The 
reversible  electric  breakdown  in  varistors  has  been  traced  to  quantum  mechani¬ 
cal  tunneling  throtigh  the  thin  insulating  barriers.  In  a  BaTiOs-PTC  thermistor, 
the  electric  polarization  associated  with  the  ferroelectric  phase  transition  neu¬ 
tralizes  the  insulating  barriers,  causing  the  ceramic  to  lose  much  of  its  resistance 
below  Tc-  Boimdary  layer  capacitors  have  somewhat  thicker  barriers  which 
cannot  be  surmount^  and  hence  the  ceramic  remains  an  insulator.  However,  the 
movement  of  charges  within  the  conducting  ceramic  grains  raises  the  dielectric 
constant  and  increases  the  capacitance. 

Lastly,  the  importance  of  electroceramic  substrates  and  insulators  should 
not  be  overlooked.  Here  one  strives  to  raise  the  breakdown  strength  by  eliminat¬ 
ing  the  interesting  conduction  mechanisms  just  described.  Spark  plugs,  high 
voltage  insxilators,  and  electronic  substrates  and  packages  are  made  from  ce¬ 
ramics  like  alumina,  mullite  [55964-99-3],  and  porcelain  II332-58-7]. 


Elactrocwaralc  ProMMing 

Fabrication  technologies  for  all  electronic  ceramic  materials  have  the  same  basic 
process  steps,  regardless  of  the  application:  powder  preparation,  powder  process¬ 
ing,  green  forming,  and  densification. 

Poardar  Praparation.  The  goal  in  powder  preparation  is  to  achieve  a 
ceramic  powder  which  yields  a  product  satisfying  specified  performance  stan¬ 
dards.  Examples  of  the  most  important  powder  preparation  methods  for  electronic 
ceramics  include  mixing/calcination,  coprecipitation  firom  solvents,  hydro- 
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thermal  processing,  and  metal  organic  decomposition.  The  trend  in  powder  syn¬ 
thesis  is  toward  powders  having  particle  sizes  less  than  1  /on  and  little  or  no  hard 
agglomerates  for  enhanced  reactivity  and  uniformity.  Examples  of  the  four  basic 
methods  are  presented  in  Table  2  for  the  preparation  of  BaTiOs  powder.  Reviews 
of  these  synthesis  techniques  can  be  found  in  the  literature  (2,5). 

The  mixing  of  components  followed  by  calcination  to  the  desired  phase(s) 
and  then  milling  is  the  most  widely  used  powder  preparation  method  (2).  Mixing/ 
calcination  is  straightforward,  and  in  general,  the  most  cost  effective  use  of 
capital  equipment.  However,  the  high  temperature  calcination  produces  an  ag¬ 
glomerated  powder  which  requires  milling.  Contamination  from  grinding  media 
and  mill  lining  in  the  milling  step  can  create  defects  in  the  manufactured  product 
in  the  form  of  poorly  sintered  inclusions  or  undesirable  compositional  modifica¬ 
tion.  Furthermore,  it  is  difficult  to  achieve  the  desired  homogeneity,  stoichiome¬ 
try,  and  phases  for  ceramics  of  complex  composition. 

Coprecipitation  is  a  chemical  technique  in  which  compounds  are  precipi¬ 
tated  from  a  precursor  solution  by  the  addition  of  a  precipitating  agent,  for 
example,  a  hydroxide  (5).  The  metal  salt  is  then  calcined  to  the  desired  phase.  The 
advantage  of  this  technique  over  mixing/calcination  techniques  is  that  more 
intimate  mixing  of  the  desired  elements  is  easily  achieved,  thus  allowing  lower 
calcination  temperatures.  Limitations  are  that  the  calcination  step  may  once 
again  result  in  agglomeration  of  fine  powder  and  the  need  for  milling.  An  addi¬ 
tional  problem  is  that  the  ions  used  to  provide  the  soluble  salts  (eg,  chloride  from 
metal  chlorides)  may  linger  in  the  powder  after  calcination,  affecting  the  proper¬ 
ties  in  the  sintered  material. 

Hydrothermal  processing  uses  hot  (above  100”C)  water  under  pressure  to 
produce  crystalline  oxides  (6).  This  technique  has  been  widely  used  in  the  forma¬ 
tion  process  of  AI2O3  (Bayer  Process),  but  not  yet  for  other  electronic  powders. 
The  situation  is  expected  to  change,  however.  The  major  advantage  of  the 
hydrothermal  technique  is  that  crystalline  powders  of  the  desired  stoichiometry 
and  phases  can  be  prepared  at  temperatures  significantly  below  those  required  for 
calcination.  Another  advantage  is  that  the  solution  phase  can  be  used  to  keep  the 
particles  separated  and  thus  minimize  agglomeration.  The  major  limitation  of 
hydrothermal  processing  is  the  need  for  the  feedstocks  to  react  in  a  closed  system 
to  maintain  pressure  and  prevent  boiling  of  the  solution. 

Metal  organic  decomposition  (MOD)  is  a  s3mthesis  technique  in  which 
metal-containing  organic  chemicals  react  with  water  in  a  nonaqueous  solvent  to 
produce  a  metal  hydroxide  or  hydrous  oxide,  or  in  special  cases,  an  anhydrous 
metal  oxide  (7).  MOD  techniques  can  also  be  used  to  prepare  nonoxide  powders 
(6,9).  Powders  may  require  calcination  to  obtain  the  desired  phase.  A  major 
advantage  of  the  MOD  method  is  the  control  over  purity  and  stoichiometry  that 
can  be  achieved.  Two  limitations  are  atmosphere  control  (if  required)  and  expense 
of  the  chemicals.  However,  the  cost  of  metal  organic  chemicals  is  decreasing  with 
greater  use  of  MOD  techniques. 

Powttor  Processing.  A  basic  guideline  of  powder  manufacturing  is  to  do 
as  little  processing  as  possible  to  achieve  the  targeted  performance  standards  (see 
Powders,  handling).  Ceramic  powder  fabrication  is  an  iterative  process  during 
which  undesirable  contaminants  and  defects  can  enter  into  the  material  at  any 
stage.  Therefore,  it  is  best  to  keep  the  powder  processing  scheme  as  simple  as 
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possible  to  maintain  flexibility.  Uncontrollable  factors  such  as  changes  in  the 
characteristics  of  as-received  powders  must  be  accommodated  in  the  processing 
from  batch  to  batch  of  material.  Keeping  the  processing  simple  is  not  always 
possible:  the  more  complex  the  material  system,  the  more  complex  the  processing 
requirements. 

A  fundamental  requirement  in  powder  processing  is  characterization  of  the 
as-received  powders  (10-12).  Many  powder  suppliers  provide  information  on  tap 
and  pour  densities,  particle  size  distributions,  specific  surface  areas,  and  chemical 
analyses.  Characterization  data  provided  by  suppliers  should  be  checked  and 
further  augmented  where  possible  with  in-house  characterization.  Uniaxial  char¬ 
acterization  compaction  behavior,  in  particular,  is  easily  measured  and  provides 
data  on  the  nature  of  the  agglomerates  in  a  powder  (13,14). 

Milling  is  required  for  most  powders,  either  to  reduce  particle  size  or  to  aid 
in  the  mixing  of  component  powders  (15).  Commonly  employed  types  of  commi¬ 
nution  include  ball  milling,  and  vibratory,  attrition,  and  jet  milling,  each  pos¬ 
sessing  advantages  and  limitations  for  a  particular  application.  For  example,  ball 
milling  is  well-suited  to  powder  mixing  but  is  rather  inefficient  for  comminution. 

GrMfi  Forming.  Green  forming  is  one  of  the  most  critical  steps  in  the 
fabrication  of  electronic  ceramics.  The  choice  of  green  forming  technique  depends 
on  the  ultimate  geometry  required  for  a  specific  application.  There  are  many 
different  ways  to  form  green  ceramics,  several  of  which  are  summarized  in  Table 
3.  Multilayer  capacitors  require  preparation  and  stacking  of  two-dimensional 
ceramic  sheets  to  obtain  a  large  capacitance  in  a  small  volume.  Techniques  used 
to  prepare  two-dimensional  sheets  of  green  ceramic,  including  tape  casting, 
(16-22)  are  discussed  later  under  processing  of  multilayer  ceramics.  Manufactur¬ 
ing  methods  for  ceramic  capacitors  have  been  reviewed  (23). 


TaMe  S.  Qraen  Form  log  Proeedures  for  Eloctronie  Ceramics 


Green  forming 
method 

Geometries 

Apidications 

uniaxial  pressing 

disks,  toroids,  plates 

disk  capacitors,  piezo  transducers, 
magnets 

cold  isostatic 
pressing 

complex  and  simple 

spark  plugs,  ZiOz-Oj  sensors 

colloidal  casting 

complex  shapes 

crucibles,  porcelain  insulators 

extrusion 

thin  sheets  (>80  pm). 

substrates,  thennocouple  insulator. 

rods,  tubes,  honeycomb 

catalytic  converters,  PTC 

substrates 

thermistor  heaters 

injection  molding 

small  complex  shapes 
(<1.0  cm) 

Zr02-02  sensors 

Uniaxial  pressing  is  the  method  most  widely  used  to  impart  shape  to  ceramic 
powders  (24).  Binders,  lubricants,  and  other  additives  are  often  incorporated  into 
ceramic  powders  prior  to  pressing  to  provide  strength  and  assist  in  particle 
compaction  (25).  Simple  geometries  such  as  rectangular  substrates  for  integrated 
circuit  (IC)  packages  can  be  made  by  uniaxial  pressing  (see  Integrated  cir¬ 
cuits). 
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More  complex  shapes  can  be  made  by  cold  isostatic  pressing  (CIP).  CIP  uses 
deformable  rubber  molds  of  the  required  shape  to  contain  the  powder.  The  appli¬ 
cation  of  isostatic  pressure  to  the  mold  suspended  in  a  pressure  transfer  media, 
such  as  oil,  compacts  the  powder.  CIP  is  not  as  easily  automated  as  uniaxial 
pressing,  but  has  found  wide  application  in  the  preparation  of  more  complex 
shapes  such  as  spark  plug  insulators  (26). 

Slip  or  colloidal  rjmting  has  been  used  to  make  complex  shapes  in  the 
whiteware  industry  for  many  years  (24).  Other  work  has  shown  that  colloidal 
cuAting  can  be  used  to  produce  electronic  ceramic  materials  having  outstanding 
strength  because  hard  agglomerates  can  be  eliminated  in  the  suspension  process¬ 
ing  (27-29).  Colloidal  casting  lues  a  porous  mold  in  which  the  fine  particles  in  a 
colloidal  suspension  accumulate  because  of  capillary  forces  at  the  wall  surface  of 
the  mold.  Relatively  dense  packing  of  the  particles,  to  approximately  60%  of 
theoretical  density,  can  be  achieved.  More  importantly,  hard  aggregates  can  be 
eliminated  from  the  colloid  by  suitable  powder  selection  and  processing.  Drying 
of  the  resulting  material  may  not  be  trivial  and  sections  greater  than  about 
'-'1.25  cm  thick  are  sometimes  difficult  to  obtain. 

In  addition  to  being  the  preferred  forming  technique  for  ceramic  rods  and 
tubes,  extrusion  processes  are  used  to  fabricate  the  thick  green  sheets  used  in 
many  electronic  components  (24,30,31).  The  smallest  thickness  for  green  sheets 
prepared  by  extrusion  techniques  is  about  80  pm.  Organic  additives  similar  to 
those  used  in  tape  casting  are  employed  to  form  a  high  viscosity  plastic  mass  that 
retains  its  shape  when  extruded.  The  extrusion  apparatus,  schematically  shown 
in  Figure  4,  consists  of  a  hopper  for  introduction  of  the  plasticized  mass,  a  de¬ 
airing  chamber,  and  either  a  screw-type  or  plunger-type  transport  barrel  in  which 
the  pressure  is  generated  for  passage  of  the  plastic  mass  through  a  die  of  the 
desired  geometry.  The  plastic  mass  is  extruded  onto  a  carrier  belt  and  passed 
through  dryers  to  relax  the  plastic  strain  remaining  after  extrusion.  The  green 
sheet  can  be  stamped  or  machine  diced  to  form  disks,  wafers,  or  other  platelike 
shapes. 


Pig.  4.  Schematic  at  extrusion  type  an)aratus  for  green  sheet  fabrication. 


610  ADVANCED  CERAMICS  (ELECTRONIC) 


Vol.  1 


Injection  molding  is  particularly  suited  to  mass  production  of  small  complex 
shapes  with  relatively  small  (<  1.0  cm)  cross  sections  (32-34).  Powders  are  mixed 
using  thermoplastic  polymers  and  other  organic  additives.  A  molten  mass  com¬ 
posed  of  the  ceramic  and  a  thermoplastic  binder  system  are  injected  via  a  heated 
extruder  into  a  cooled  mold  of  desired  shape.  The  organic  is  burned  out  and  the 
ceramic  consolidated.  Machining  fragments  from  the  green  ceramic  can  be  recy¬ 
cled  because  the  thermoplastic  polymers  can  be  reversibly  heated.  Molds  can  be 
relatively  expensive  so  injection  molding  is  best  suited  to  the  preparation  of  a 
large  number  of  single  parts.  Because  of  the  high  organic  content  required, 
organic  removal  is  not  trivial.  Green  sections  greater  than  1.0  cm  thick  require 
slow  heating  rates  during  humout  to  avoid  bloating  and  delamination  of  the 
green  ceramic. 

Densification.  Densification  generally  requires  high  temperatures  to  elim¬ 
inate  the  porosity  in  green  ceramics.  Techniques  include  pressureless  sintering, 
hot-pressing,  and  hot  isostatic  pressing  (HIP).  Pressureless  sintering  is  the  most 
widely  used  because  of  ease  of  operation  and  economics.  Hot-pressing  is  limited  to 
relatively  simple  shapes  whereas  more  complex  shapes  can  be  consolidated  using 
HIP  (35).  Sintering  is  used  for  most  oxide  electronic  ceramics.  Hot-pressing  and 
HIP,  which  employ  pressure  and  high  temperatures,  are  used  to  consolidate 
ceramics  in  which  dislocation  motion  Grading  to  pore  elimination)  is  sluggish. 
Both  techniques  are  particularly  useful  for  nonoxide  materials  such  as  silicon 
nitride  [12033-89-S\  and  silicon  carbide  [409-21-2\  (35,36)  (see  Carbides;  Nitrides). 

Special  precautions  are  often  used  in  the  sintering' of  electronic  ceramics. 
Heating  rates  and  hold  times  at  maximum  temperature  are  critical  to  microstruc- 
tural  development  and  grain  size  control.  Sintering  cycles  may  include  intermedi¬ 
ate  temperature  annealing  or  controlled  cooling  to  relieve  residual  strains  or 
avoid  deleterious  phase  transformations.  Atmosphere  control  may  be  important 
to  prevent  loss  of  volatile  components  or  avoid  reduction  reactions.  In  continuous 
production,  sequential  burnout  (organics)  and  sintering  may  take  place  in  the 
same  fiimace,  requiring  complex  temperature  cycles  even  for  relatively  simple 
devices.  Complex  de'vices  such  as  thick  film  circuits  and  monolithic  multi- 
component  ceramics  may  require  many  sequential  fabrication  and  sintering  steps. 


ProcMsIng  of  MuHilayar  Coramics 

Rapid  advances  in  integrated  circuit  technology  have  led  to  improved  processing 
and  manufacturing  of  multilayer  ceramics  (MLC)  especially  for  capacitors  and 
microelectronic  packages.  The  increased  reliability  has  been  the  result  of  an 
enormous  amount  of  research  aimed  at  understanding  the  various  microstruc- 
tural-property  relatioiuhips  involved  in  the  overall  MLC  manufacturing  process. 
This  includes  powder  i»ocessing,  thin  sheet  formation,  metallurgical  interac¬ 
tions,  and  testing. 

Presently,  multilayer  capacitors  and  packaging  make  up  more  than  half  the 
electronic  ceramics  market.  For  multilayer  capacitors,  more  than  20  billion  units 
are  manufactured  a  year,  outnumbering  I7  far  any  other  electronic  ceramic 
component.  Multila3rer  ceramics  and  hybrid  packages  consist  of  alternating  lay¬ 
ers  of  dielectric  and  metal  electrodes,  as  shown  in  Figures  5  and  6,  respectively. 
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Fig.  5.  Schematic  cross  section  of  a  conventional  MLC  capacitor. 
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Fig.  6.  Schematic  of  a  MLC  substrate  for  microelectronic  packaging  (37). 


The  driving  force  for  these  compact  configurations  is  miniaturization.  For  capaci¬ 
tors,  the  capacitance  (Q  measured  in  units  of  farads,  F,  is 

( 

where  K  is  the  dielectric  constant  (unitleaa);  co  the  permittivity  of  bee  space 
8.86  X  10~^  F/m;  A  the  electrode  area,  m*;  and  t  the  thickness  of  dielectric  layer, 
m.  Thus  C  increases  with  increasing  area  and  number  of  layers  and  decreasing 
thickness.  Topical  thicknesses  range  between  15  and  35  (Ma.  Similarly,  for  sub¬ 
strate  packages,  the  multilayer  configuration  incorporates  transversely  inte¬ 
grated  conductor  lines  and  vertical  conducting  paths  (vias)  allowing  for  numer- 
out  interconnects  to  components  throughout  the  device  system  and  power 
distribution  in  a  relatively  small  space.  MLC  substrates  capable  of  providing 
12,000  electrical  connections  containing  350,(XX)  vias  are  ctirrently  manufactured 
(38,39). 
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A  number  of  processing  steps,  shown  in  Figure  7.  are  used  to  obtain  the 
multilayw  configurationCs)  for  the  ceramic-metal  composites.  The  basic  process 
steps  are  slip  preparation,  green  tape  fabrication,  via-hole  punching  (packages), 
printing  of  internal  electrodes  or  metallization,  stacking  and  laminating,  dicing 
or  dimensional  control,  binder  burnout,  sintering,  end  termination,  and  en¬ 
capsulation.  After  each  processing  step,  quality  control  in  the  form  of  nondestruc¬ 
tive  physical  and  electrical  tests  ensures  a  uniform  end-product. 


(0 

Fig.  7.  Fabrication  process  for  MLC  capacitors.  are  (a)  powder,  (b)  slurry 
preparation;  (c)  tape  preparation;  (d)  electroding;  (e)  stacking;  (f)  lamination;  (g)  dicing; 
(h)  bumoat  and  fii^g;  and  (I)  termination  and  lead  attachment. 

The  basic  building  block,  the  ceramic  green  sheet,  starts  using  a  mixture  of 
dielectric  powder  suspended  in  an  aqueous  or  nonaqueous  liquid  system  or 
vehicle  comprised  of  solvents,  binders,  plasticizers,  and  other  additives  to  form  a 
slip  that  can  be  cast  in  thin,  relatively  large  area  sheets.  The  purpose  of  the  binder 
(20,0(X)-30.000  molecular  weight  polymers)  is  to  bind  the  ceramic  particles  to¬ 
gether  to  form  flexible  green  sheets.  Electrodes  are  screened  on  the  tape  using  an 
appropriate  paste  of  metal  powders.  Solvents  play  a  number  of  key  roles,  ranging 
finmi  deagglomeration  of  ceramic  particles  to  control  the  viscosity  of  the  cast  slip, 
to  formation  of  micropOrosity  in  ^e  sheet  as  the  solvent  evaporates.  Plasticizers, 
ie,  small  to  medium  sized  organic  molecules,  decrease  cross-linking  between 
binder  molecules,  imparting  greater  flexibility  to  the  green  sheet.  Dispersants, 
typically  1,<X)0  to  10,000  molecular  weight  polymer  molecules,  are  added  to  slips  to 
aid  in  tl^  de-agglomeration  of  powder  particles,  allowing  for  higher  green  densi¬ 
ties  in  the  cast  tape.  Sevwal  review  article  on  the  functional  additives  in  tape 
cast  systems  are  available  (16,17,25,40-44).  The  resulting  slip  should  have 
pseudoplastic  rheological  behavior  so  that  liie  slip  flows  during  high  shear  rate 
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casting  operations,  but  displays  little  or  no  flow  afterward,  thus  maintaining  tape 
dimension  (45). 

There  are  several  methods  to  make  large  ceramic  sheets  for  MLC  manufac¬ 
turing  (17-23).  The  methods  include  glass,  belt  and  carrier  film  casting,  and  wet 
lay  down  techniques.  The  relative  advantages  and  limitations  of  each  technique 
have  been  reviewed  (46).  The  two  most  commonly  employed  techniques,  ImU 
casting  and  doctor  blading,  are  depicted  schematically  in  Figure  8. 


W 

Fig.  8.  Schematic  of  methods  for  MLC  manufacturing;  (a)  belt  casting;  (b)  carrier 
film  casting  using  a  doctor  blade. 


Metallization  of  the  green  sheets  is  usually  carried  out  by  screen  printing, 
whereby  a  suitable  metal  ink  consisting  of  metal  powders  dispersed  in  resin  and 
solvent  vehicles  is  forced  through  a  patterned  screen.  Palladium  [7440-05-3\  and 
silver-palladium  (AgiPd)  alloys  are  the  most  common  form  of  metallization; 
tungsten  \7440^T\  and  molybdenum  {7439-98-7]  are  used  for  high  (>1500*C) 
temperature  MLCls  (47-62).  Following  screening,  the  metallized  layers  are 
stacked  and  laminated  to  register  (align)  and  fuse  the  green  sheets  into  a  mono¬ 
lithic  component.  Proper  registration  is  crucial  to  achieve  and  maintain  capaci- 
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tance  design  (MLC  capacitors)  and  for  proper  via-hole  placement  in  MLC  pack¬ 
ages. 

Sintering  is  the  most  complex  process  in  MLC  fabrication.  Ideally,  the 
binder  burnout  and  sintering  steps  are  performed  during  the  same  temperature 
cycle  and  in  the  same  atmosphere.  Most  binders  bum  out  by  500°C,  well  before 
pore  closure  in  the  densihcation  of  most  ceramics.  Sintering  behavior  of  the  many 
different  MLC  components  must  be  reconciled  to  achieve  a  dense  material.  Inter¬ 
nal  metallization  and  the  dielectric  must  co-hre  in  a  single  process.  Firing 
temperatures  are  related  to  material  composition  and  can  be  adjusted  using 
additives.  Densification  rates  are  related  both  to  the  process  temperature  and  to 
particle  characteristics  (size,  size  distribution,  and  state  of  agglomeration).  Thus, 
the  burnout  and  sintering  conditions  depend  heavily  on  the  system. 

After  densification,  external  electrode  termination  and  leads  are  attached 
for  MLC  capacitor  components,  and  pin  module  assembly  and  IC  chip  joining  is 
carried  out  for  MLC  packages.  The  devices  are  then  tested  to  ensure  performance 
and  overall  reliability. 


Thick  Film  Technology 

Equally  important  as  tape  casting  in  the  fabrication  of  multilayer  ceramics  is 
thick  film  processing.  Thick  film  technology  is  widely  used  in  microelectronics  for 
resistor  networks,  hybrid  integrated  circuitry,  and  discrete  components,  such  as 
capacitors  and  inductors  along  with  metallization  of  MLC  capacitors  and  pack¬ 
ages  as  mentioned  above. 

In  principle,  the  process  is  equivalent  to  the  silk-screening  technique 
whereby  the  printable  components,  paste  or  inks,  are  forced  through  a  screen 
with  a  rubber  or  plastic  squeegee  (see  Fig.  7).  Generally,  stainless  steel  or  nylon 


Table  4.  Componenls  of  TMck  Flbn  Compositions' 


Component 

Composition 

functional  phase 
conductor 

Au,  Pt/Au 

resistor 

Ag,  Pd/Ag 

Cu.  Ni 

Ru02 

dielectric 

Bi2Ru207 

LaBe 

BaTiOs 

binder 

glass 

glass-ceramic 

AljOs 

glass:  borosilicates,  aluminosilicates 

vehicle 

oxides:  CuO,  CdO 

volatile  phase:  terpineol,  mineral  spirits 

nonvolatiles:  ethyl  cellulose,  acrylates 

■Ref.  53. 
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filament  screens  are  masked  using  a  polymeric  material  forming  the  desired 
printed  pattern  in  which  the  composition  is  forced  through  to  the  underlying 
substrate. 

Thick  film  compositions  possess  three  parts:  (/)  functional  phase,  (2)  binder, 
and  (J)  vehicle.  The  functional  phase  includes  various  metal  powders  for  conduc¬ 
tors,  electronic  ceramics  for  resistors,  and  dielectrics  for  both  capacitors  and 
insulation.  Examples  of  typical  components  for  thick  film  compositions  are  given 
in  Table  4.  The  binder  phase,  usually  a  low  (<1000”C)  melting  glass  adheres  the 
fired  film  to  the  substrate  whereas  the  fluid  vehicle  serves  to  temporarily  hold  the 
unfired  film  together  and  provide  proper  rheological  behavior  during  screen 
printing.  Thick  film  processing  for  hybiid  integrated  circuits  t}rpically  takes  place 
below  1000*C  provi^ng  fiexible  circuit  designs. 


Current  and  Future  Developments  In  Multilayer  Electronic  Ceramics 

Advances  in  the  field  of  electronic  ceramics  are  being  made  in  new  materials, 
novel  powder  synthesis  methods,  and  in  ceramic  integration.  Monolithic 
multicomponent  components  (MMC)  take  advantage  of  three  existing  technolo¬ 
gies:  (1)  thick  film  methods  and  materials,  (2)  MLC  capacitor  processes,  and  (3)  the 
concept  of  cofired  packages  as  presented  in  Figure  9.  Figure  10  shows  an  exploded 
view  of  a  monolithic  multicomponent  ceramic  substrate. 


Fig.  9.  Monolithic  multilayer  ceramics  (MMCs)  derived  from  multilayer  capacitor, 
high  temperature  cofire,  and  thick  film  technologies. 
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Fig.  10.  Exploded  view  of  a  monolithic  mtilticomponent  ceramic  sufaetrate.  Layers 
(a)  signal  distribution;  (b)  resistor,  (c)  capacitor;  (d)  circuit  protection;  and  (e)  power 
distribution  are  separate  by  (f)  ban^  layers. 


New  materials  for  packaging  include  aluminum  nitride  [243044)0-S\,  AIN, 
silicon  carbide  [409-21-2\,  SiC,  and  low  thermal  expansion  glass-ceramics,  re¬ 
placing  present  day  altunina  packaging  technology.  As  shown  in  Table  5,  these 
new  materials  ofEer  significant  advantages  to  meeting  the  future  requirements  of 
the  microelectronics  industry.  Prtyerties  include  higher  thermal  conductivity, 


Table  8.  Preperbss  ef  HIgb  Pertenwance  Ceramic  gubstralss* 


Properties 

AIN 

SiC 

Glass-ceramics 

90% 

AlgOs 

thermal  conductivity,  W/(m-K) 

230 

270 

5 

20 

thermal  expansion  coefficient. 

43 

37 

30-42 

67 

RT  -  400*C  X  10- V*C* 

dielectric  constant  at  1  MHz 

8.9 

42 

3.9-7.8 

9.4 

flexural  strength,  kg/cm* 

3500-4000 

4500 

1500 

3000 

thin  film  metals 

Ti/Pd/Au 

Ni/Cr/Pd/Au 

Ti/Cu 

Cr/Cu,  Au 

Cr/Cu 

thick  film  metals 

Ag-Pd 

Au 

Au.  Cu, 

Ag-Pd 

Cu 

Ag-Pd 

Ag-Pd 

Cu,  Au 

cofived  metals 

W 

Mo 

Au-Cu, 

Ag-Pd 

W.Mo 

cooling  capability,  *C/W 

air 

• 

5 

80 

30 

water' 

<1 

<1 

<1 

<1 

■itsr.a». 

■■  room  Imipsulms- 
*ExtMaal  eooliag. 
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lower  dielectric  constant,  coiire  compatibility,  and  related  packaging  character¬ 
istics  such  as  thermal  expansion  matching  of  silicon  and  high  mechanical 
strength  as  compared  to  AI2O3. 

Greater  dimensional  control  and  thinner  tapes  in  multilayer  ceramics  are 
the  driving  forces  for  techniques  to  prepare  finer  particles.  Metal  organic  decom¬ 
position  and  hydrothermal  processing  are  two  synthesis  methods  that  have  the 
potential  to  produce  submicrometer  powders  having  low  levels  of  agglomeration 
to  meet  the  demand  for  more  precise  tape  fabrication. 

As  stated  above,  the  development  of  multifunctional  MLCs  based  on  exist¬ 
ing  technologies  offers  excellent  growth  potential  since  MMCs  combine  the 
possibilities  of  both  the  high  cofire  (packaged)  substrates  and  burial  of  surface 
devices  (54-57).  Burial  of  surface  devices  promises  gains  in  both  circuit  density 
and  device  hermiticity,  leading  to  increased  reliability.  Processing  trade-offs  are 
expected  since  current  electronic  materials  for  multilayer  applications  (capaci¬ 
tors,  transducers,  sensors)  are  densified  at  very  different  firing  temperatures. 
Consequently,  integrated  components  will  likely  be  of  lower  tolerance  and  limited 
range,  at  least  in  the  early  developmental  stages.  Current  efforts  have  been 
directed  toward  incorporation  of  multilayer  capacitor-type  power  planes  and 
burial  of  thick  film  components,  including  resistors  and  capacitors.  The  latter 
processing  technology  offers  more  immediate  possibilities  as  it  is  developed  to 
cofire  at  conventional  thick  film  processing  temperatures  for  which  a  wide  range 
of  materials  exist 

The  continuing  miniaturization  of  electronic  packaging  should  see  the  re¬ 
placement  of  components  and  processes  using  such  thin  film  technologies  devel¬ 
oped  for  semiconductors  as  sputtering,  chemical  vapor  deposition,  and  sol-gel 
(see  Sol-gel  TECHNOLOGY;  Thin  films)  (58,59).  Sputtering  is  the  process  whereby 
a  target  material  is  bombarded  by  high  energy  ions  which  liberate  atomic  species 
from  the  target  for  deposition  on  a  substrate.  (Chemical  vapor  deposition  (CVD) 
involves  a  gaseous  stream  of  precursors  containing  the  reactive  constituents  for 
the  desired  thin  film  material,  generally  reacted  on  a  heated  substrate.  The  more 
recent  process  for  thin  films,  sol-gel,  uses  a  nonaqueous  solution  of  metal- 
organic  precursor.  Through  controlled  hydrol3r8e8,  a  thin,  adherent  film  is  pre- 


TaMe  •.  Current  and  Future  Developmonts  in  Thin  Fiim  Eiocirenic  Ceramics* 


Material 

Application 

Methods 

PT,  PZT.  PLZT 

nonvolatile  memory,  ir, 
pyroelectric  detectors, 
electro-optic  waveguide, 
and  spatial  light  modulators 

sol-gel,  sputtering 

diamond  (C) 

cutting  tools,  high  temperature 

chemical  vapor 

semiconductors,  protective 
optical  coatings 

deposition  (CVD) 

SiO],  BaTiOs 

capacitors 

sol-geL  sputtering, 
chemical  vapor 
deposition  (CVD) 

1:2:3  superconductors 

squids,  nmr,  interconnects 

■Ile&.  W  end  80. 
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pared  by  dip-coating  or  spin-coating.  The  dried  “gel”  film  is  then  crystallized  and 
densiiied  through  heat  treatments.  Both  existing  and  fiitiu'e  developments  of  thin 
film  electronic  ceramics  and  methods  are  presented  in  Table  6. 
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ABSTRACT 

The  concept  of  a  fully  tunable  transducer  is  developed  as  an  exan^le  of  a 
very  smart  material  whose  sensing  and  actuating  functions  can  be  tuned  to 
optiinize  behavitv.  By  constructing  the  composite  transducer  firom  an  elastically 
nonlinear  material  (rubber)  and  an  electrically  nonlinear  material  (relaxor 
ferroelectric),  inost  of  its  key  properties  can  be  adjusted  over  wide  ranges  by 
applying  DC  bias  fields  or  mechanical  inrestiess.  These  properties  include 
resonant  frequency,  acoustic  and  electric  impedance,  damping  factors,  and 
electromechanical  coupling  coefficients. 

The  origins  of  nonlinear  properties  are  considered  briefly  using 
electrostriction  as  an  example.  The  nonlinearities  usually  involve  phase 
transfannatioas  and  size-dqiendent  phenomena  on  die  nanometer  scale. 

INTRODUCTION 

Much  of  the  recent  interest  in  nonlinear  phenmnena  stems  from  the  detite 
to  build  "smart  materials"  for  intelligent  ^sterns.  The  words  "smart  noaterials" 
have  different  meanings  for  different  peqile,  and  can  be  smart  in  either  apassive 
sense  or  an  active  sense.  Passively  smart  materials  incorporate  self-repair 
mechanisms  or  stand-bv  phenomena  which  enable  the  material  to  withstand 
sudden  chanpes  in  the  surroundings. 

Ceramic  varistors  and  PTC  thermistors  are  passively  smart  materials. 
When  struck  1^  lightning  or  othervdse  subjected  to  high  voltage,  a  dnc  oxide 
varisttv  loses  its  electrical  resistance  ami  the  current  is  bypassed  to  ground.  The 
resistance  change  is  reversiUe  and  acts  as  a  stand-by  protection  phenomenon. 
Barium  titanate  PTC  thermistors  show  a  large  increase  in  electrical  resistance  at 

the  ferroelectric  phase  transfonnation  near  130°C  The  junq>  in  resistance  oiables 
the  thermistor  to  arrest  current  surges,  again  acting  as  a  prot^on  element  The 
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R(V)  behavior  of  the  varistor  and  the  R(T)  behavlOT  of  the  PTC  thermistor  are 
boA  highly  nonlinear  effects  which  act  as  standby  pnHecdon  phenomena,  and 
make  the  ceramics  smart  in  a  passive  mode. 

A  smart  ceramic  can  also  be  defined  with  reference  to  sensing  and 
actuating  functions,  in  analogy  to  the  human  body.  A  smart  ceramic  senses  a 
change  in  the  environment,  and  using  a  feedback  system,  makes  a  useful 
response.  It  is  both  a  sensor  and  an  acutator.  Examples  include  vibration 
dancing  systems  for  space  structures  and  energy>saving  windows  for  homes  and 
factories.  The  new  electronically-controlled  autonwbile  suspension  systems 
using  piezoelectric  ceramic  sensors  and  actuators  constitutes  an  actively  smart 

material. 


By  building  in  a  learning  function,  the  delinition  can  be  extended  to  a 
higher  level  of  intelligence:  A  very  smart  ceratiic  senses  a  change  in  the 
environment  and  responds  bv  chaneina  one  or  more  of  its  oropeitv  coefficients. 
Such  a  material  can  tune  its  sensor  and  actuator  functions  in  time  and  sp^  to 
optimize  behavior.  The  distinction  between  smart  and  very  smart  materials  is 
essentially  one  bttween  linear  and  nonlinear  properties.  The  physical  properties 
of  nonlin^  mafeoials  can  be  adjusted  by  bias  fields  or  forces  to  control  reqxmse. 

TUNABLE  TRANSDUCER 

To  illustrate  die  concqit  of  a  very  smart  material,  we  describe  the  tunable 
transducer  recendy  developed  in  our  laborat^.  Electtomechanical  transducers 
are  used  as  fish  finders,  gas  igniters,  ink  jets,  micropositioners,  biomedical 
scanners,  piezoelectric  tn^oimers  and  filters,  accelerometeis.  and  motors. 

Four  iniportant  prpperties  of  a  transducer  ate  the  resonant  fieqpent^  f,  die 
acoustic  impedance  Za.  the  mechanical  damping  coefficient  Q,  the 
electromechamod  coupling  facttv  k,  and  the  elecmcal  impedance  Z^.  The 
resonant  fiequency  and  acoustic  impedant^  are  conmdled  b^  tte  elastic  ocmstants 
arid  density,  as  £scussed  in  the  next  section.  The  mechanical  Q  is  governed 

the  danqiing  coefficient  (tan  5)  and  is  inqiortant  because  it  controls  "rin^g”  in 
the  transducer.  Electromechanical  coupling  coefficients  are  controlled  by  die 
piezoelectric  coefficient  which,  in  turn,  can  be  controlled  and  fine-tuned  using 
relaxor  ferroekscirics  widi  large  electrostiictive  effects.  The  dielectric  "cmistant" 
of  relaxor  feiroelectrics  de^nds  markedly  on  DC  Inas  fields,  allowing  the 
electrical  inmedance  to  be  tuned  over  a  wide  range  as  weU.  In  die  following 
sections  we  describe  the  nature  of  nonlineari^  and  bow  it  controls  die  properties 
of  a  timable  tnuuducer. 

ELASTIC  NONLINEARITY:  TUNING  THE  RESONANT  FREQUENCY 

Information  is  transmitted  on  electroma^etic  waves  in  two  wavs: 
amplitude  nwdph»tin«  (AM)  and  fretpiency  modulatiiM  (FM).  There  ate  a  number 
of  advantages  to  FM  signal  processing,  espedally  where  lower  noise  levels  are 
inqxxtanL 
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Signal-tt>*iK>ise  ratios  are  also  important  in  Ae  ultrasonic  systems  used  in 
biomedicu  aoJ  nondestractive  testing  systems,  t>ui  FM-modulatioc  is  difficult 
because  resonant  frequencies  are  contxt>ll«i  by  stiffness  (c)  and  sample 
dimensK»s(t): 

f  -^Vc/  P 

NeiAer  c,  t.  or  Ae  density  p  can  be  tuned  agnificandy  in  most  materials,  but 
rubber  is  an  exception.  To  tune  Ae  resonant  frequency  of  a  piezoelectric 
transducer,  we  have  deagned  and  buUt  a  ctnnposite  transducer  mcoqxxating  thin 
rubber  layers  exhibiting  nonlinear  elasticity. 

Rubber  is  a  highly  nonlinear  elastic  medium.  In  Ae  unstressed 
compliant  state,  Ae  molecules  are  coiled  and  tangled,  but  under  stress  Ae 
nx>lecules  align  and  Ae  material  stiffens  noticeably.  Experiments  carried  out  on 
rubber-metal  laminates  demonstrate  the  size  of  Ae  nonlinearity.  Young's 
modulus  (E  B  1/siiii)  was  measured  for  a  multilayer  laminate  consisting  of 
alternating  steel  shim  and  soft  rubber  layers  each  0.1  mm  thick.  Under 
conqnesrive  stresses  of  200  MNAn^,  Ae  stiffness  is  quadrupled  from  about  600 
to  2400  MN/m^.  The  restmant  frequoicy  f  is  Aerefore  double,  and  can  be 
modula^  by  applied  stress. 

Rubber,  like  most  elastomers,  is  not  piezoelectric.  To  take  advantage  of 
Ae  elastic  nonlinearity,  it  is  Aerefore  necessary  to  construa  a  conqmsite 
transducer  consisting  of  a  jnezoelectric  ceramic  (PZT)  transducer,  thin  rubber 
layers,  md  metal  head  and  ^  masses,  all  held  loge  Aer  by  a  stress  b^ 

The  resonant  frequency  and  mechanical  Q  of  sudi  a  triple  sandwich 
structure  was  measured  as  a  ftm^on  of  stress  bias.  Stresses  rangm  from  20  to 
100  Nn*a  in  Ae  experiments.  Under  Aese  conditions  die  radial  resonant 
frequency  changed  from  19  to  37  kHz,  q^ximately  douUing  in  frequency  as 
inedUcted  from  the  elastic  nonlinearity.  At  the  same  time  Ae  mechanical  Q 
increases  from  abcnit  11  to  34  as  the  rubber  stiffens  under  stress. 

The  changes  in  resonance  and  Q  can  be  modeled  wiA  an  equivalent 
circuit  in  which  the  compliance  of  the  Ain,  rubber  layers  are  represented  as 
capacitore  coupling  togen&a  tiie  larger  masses  (rqnesented  as  inductors)  of  tiie 
PZT  transAicer  arid  the  metal  head  and  tail  masses.  Under  low  stress  bias,  tiie 
nAber  is  very  compliant  and  effectively  isolatBS  the  transducer  fincxn  die  head 

and  tail  masses.  At  vcty  hi^  stress,  tiw  rubber  stiffens  and  tightly  couples  the 
metal  end  pieces  to  the  resonating  PZT  ceramic.  For  mtermediate  stresses  the 
rubber  acts  as  an  im^«dance  transformer  giving  parallel  resonance  of  the  PZT  - 
ruUier  -  metal  -radial  load. 

It  is  interesting  to  compare  the  change  in  frequency  of  Ae  tunable 
transducer  with  the  transceivor  s^tems  used  in  Ae  Inological  world.  The 
biosonar  system  of  the  flying  bat  is  similar  in  frequency  and  tunability  to  our 
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tunable  transducer.  The  bat  emits  chi^s  at  30  kllz  and  listens  for  the  return 
signal  to  locate  flying  insects.  To  help  it  differentiate  the  return  sigr^  from  the 
outgoing  diirp,  a^  to  help  in  timing  the  echo,  the  bat  puts  an  FM  signature  oa 
thepulse.  This  causes  the  resonant  fox^uency  to  decrease  fitom  30  to  20  kHz  near 
the  end  of  each  chirp.  Return  signals  the  insect  target  are  detected  in  the  ears 
of  the  bat  where  neural  cawdes  tuned  to  this  frequency  range  measure  the  time 
delay  aiul  flutter  needed  to  locate  and  identify  its  prey,  ^ctension  of  the  bat 
biosonar  principle  to  automotive,  industrial,  medical  and  entertainment  ^sterns  is 
obvious. 

PIEZOELECTRIC  NONLINEARITY:  TUNING  THE 
ELECTROMECHANICAL  COUPLING  COEFFICIENT 

The  difference  between  a  smart  and  a  very  smart  material  can  be 
illustrated  with  piezoelectric  and  electrostrictive  ceramics.  PZT  Ocad  zirconate 
titanate)  is  a  piezoelecttic  ceramic  in  which  the  ferroelectric  domains  are  aligned  in 
a  poling  field.  Strain  is  linearly  prc^>ortional  to  electric  field  in  a  piezoelectric 
matoial  whkh  means  that  the  piezoelectric  coefficient  is  a  constant  and  cannot  be 
electrically  tuned  vriA  a  bias  field.  Nevertheless  it  is  a  smart  material  because  it 
can  be  used  bodt  as  a  senses  and  an  actuator. 

PMN  (lead  magnesium  niobate)  is  not  piezoelectric  at  room  temperature 

because  its  Curie  temperature  lies  near  0”C  Because  of  the  proximity  of  tire 
ferroelectric  phase  ttuisfannation,  and  because  of  its  diffiise  nature,  PMN 
ceramics  exhibit  very  large  electrostrictive  effects.  The  nature  of  this  large 
nonlinear  relationship  between  strain  and  electric  field,  and  of  its  underlying 
atomistic  origin,  will  be  described  later. 

Electromechanical  strains  comparable  to  PZT  can  be  obtained  widi 
electrosttictive  ceramics  like  PMN,  and  authout  the  troubling  hysteretic  behavior 
shown  PZT  under  hi^  fields.  The  ntmlinear  relatitm  between  strain  and 
electric  field  in  electiostnctive  transducers  can  be  used  to  tone  the  piezoelecttic 
coefficient  and  the  dielecttic  constant 

The  piezoelectric  <^3  coefficient  is  the  slope  of  tire  strain-electric  fidd 
curve  when  strain  is  measured  in  the  same  direction  as  die  qrpliedfidd.  Itsvalue 
for  Pb  (Mgo3Nbo.6Tio.i)  O3  ceramics  is  zero  at  zero  field  and  increases  to  a 
maTirnnin  value  of  1300  pC/N  (dxNit  three  times  krger  than  PZT)  under  a  Mas 
field  of  3.7  kV/cm. 

This  means  dial  the  electromechanical  coiyling  coefficient  can  be  tuned 
over  a  very  wide  range,  changing  die  transducer  from  inactive  to  extremely  active. 
The  dielectric  constant  also  dqroids  on  DC  bias.  The  polarization  saturates  under 
high  fidds  causing  decreases  of  100%  or  trxne  in  the  t^acitance.  Inthiswaydie 
elMXrical  impedffiioe  can  be  controlled  as  well 
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Electiostrictive  transducers  have  already  been  used  in  a  number  of 
applications  including  adaptive  opdc  systems,  scanning  tunneling  microscopes, 
and  precision  micropositioners. 

To  summarize,  two  types  of  nonlineari^  are  utilized  in  the  fully  tunable 
transducer  elastic  nonlinearity  and  piezoelectric  nonlinearity.  By  incorporating 
thin  lutto  layers  in  an  electiostrictive  transducer  several  in^Kntant  ^mmoties  can 
be  ratimizea  with  bias  fields  and  bias  stresses.  Electromechanical  coupling 
coemcients  and  electric  in^iedanoe  are  tuned  with  electric  field,  and  mechanical 
damping,  resonant  fiequenc^,  and  acoustic  inqtedance  with  stress  tnas. 

RELAXOR  FERROELECTRICS 

In  the  three  remaining  sections  we  consider  the  atomistic  origin  of 
nmilinear  behavior  in  ceramics.  The  magnesium  <  niobium  distribution  in  PMN 
ceramics  have  been  studied  by  transmissicM  electron  microscopy.  Images  fonned 
fiom  superlattice  reflections  ^ow  that  the  size  of  the  regions  with  1:1  ordering  is 
approximately  3  nm  (=30A).  The  (Hdered  regions  are  small  islands  separated 
narrow  walls  of  itiobium  -  rich  PMN. 

A  simple  energy  argument  explains  the  scale  of  the  ordered  regions. 
The  chemical  formula  of  PI^  can  be  divided  into  1:1  ordered  regions  with 
niobium-rich  coatings  as  follows: 

Pb3MgNb209  « (Pb2MgNb06)*  +  (PhNbOa)'*’ 

asayming  all  ions  have  their  usual  valrace  states,  the  ordered  regions  will  be 
negatively  chaiged  and  the  coatings  positive.  Thecsderingmustthemoiebeona 
very  fine  scale  in  order  to  minimize  coulonib  energy. 

A  cubes  model  is  adopted  to  estimate  the  size  of  ordered  islands.  Let 
each  island  be  a  cube  n  unit  cells  on  edge.  Then  there  will  be  nV2  Mg  atoms  and 
v^n  Nb  atoms  widun  the  island.  Hds  means  that  n^/Z  Mb  atoms  are  excluded 
firm  the  iidandbecmse  the  Mg:Nb  ration  is  1:1  in  the  ordered  island  and  1:2  in 
the  chemical  formula.  We  assume  the  excluded  motnums  form  a  thin  monolayer 
coating  on  the  cubes  then  n^/l «  Sn^,  where  Sn^  is  the  number  of  surfitoe  atoms 
per  cube,  neglecting  edges  and  comers.  By  keeping  the  coating  as  thin  as 
possible,  charge  is  neutralized  on  a  local  scale,  and  electrostatic  energy  is 
minimized. 

Solving  the  equation  pves  ns6,  or  24A,  sur^ingly  close  to  the  30A 
observed  by  T^L  It  is  a^  interesting  to  con^Mue  this  result  with  the  behavior 
obsov^  of  small  ferroelectric  particles.  X-ray  studies  of  very  fine-grained 
PbTiOa  show  that  die  polar  tetragonal  phase  becomes  unstable  below  about 
20oA.  the  so-called  ferroelectric  •  superparaelectric  transfomuition.  Relaxor 
ferr^ectrics  like  Pl^  exMbit  many  of  the  characteristics  of  superparaelectric 
so^  where  the  dipode  moments  are  stron^y  coupled  to  one  another,  but  not  to  a 
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crystallographic  axis.  The  coupled  electric  dipoles  oscillate  in  orientation  and 
respond  readily  to  applied  fields  giving  rise  to  large  dielectric  constants  and 
massive  electrostricdon  coefficients. 

SEVEN  MISCXlNCEPnONS  ABOUT  ELECTROSTRICTION 

Perhaps  the  best  way  to  describe  the  basic  features  of  nonlinear  physical 
properties  is  to  first  di^l  some  of  the  common  misconcq)tions.  Some  of  the 
key  i(^  are  described  in  diis  section  using  dectrostiiction  as  an  exanq)le. 

Misconception  #1:  Electrostrictive  strain  is  proportional  to  the  square  of  the 
electric  field. 

When  an  electric  field  E  is  t^plied  to  an  insulato-  it  develq>s  a  polarization 
P  and  a  strain  e.  In  tensor  notation  the  strain  can  be  written  as  a  power  series  in  E 
orin  P. 

(1)  eij  *  dijkEk  +  Mijki  EkEi  + - 


(2)  eij  =  dijkPk  +  QijklPkPl+ - 


The  first  term  in  both  equations  represents  piezoelectricity,  the  second 
electrostiiction.  Piezoelectricity  is  a  third  rank  tensor  prc^Mi^  found  mily  in 
noncentrosymmetric  materials.  It  is  absent  in  most  ceramic  materials,  but 
electrostricdon  is  not  The  electrostricdon  coefficients  Muki  or  QyU  constitute  a 
fourth  rank  tensor  winch,  like  the  elastic  constants,  are  fomid  in  all  materials, 
regardless  of  symmetry.  In  the  discussion  which  follows,  we  deal  with 
centrosymmetiic  media  for  whidi  the  jaezoelectiic  coefficients  are  zero. 

Retunung  to  equations  (1)  and  (Z),  which  of  these  equatimis  is  the  correct 
way  to  describe  electrostricdon  or  can  boA  be  used?  For  noinaal  low  pennittivity 
materials,  the  polarization  P  is  proportimal  to  the  applied  electric  ndd  E,  and 
therefore  both  expresacms  are  ootiect,  but  for  high  permittivity  solids  only  oot  is 
correct  Under  high  fields,  the  polarization  saturates  in  high  permittivi^ 
materials,  especially  in  fenodectiic  ceramics  just  above  Tc,  tire  Q^e  temperature. 
In  capacitor  ^dectrics,  it  is  not  unusual  to  observe  a  decrease  in  dielectric 
constant  of  100%  under  high  dectricfidds.  Li  this  situation  Pis  not  proportional 
to  E,  and  therefore  electrostrictive  strain  caiux>t  be  proportional  to  both  ^  and  P2. 

When  strain  is  plotted  as  a  function  of  dec&ic  field  fw  PMN-PT,  a 
typical  electrostrictive  transducer  ceramic,  it  is  not  prcqwttional  to  &  except  for 
small  fields  where  the  shiqie  is  parabolic.  When  plotted  as  function  P^,  a  strain 
line  is  obtained  for  the  e(p2)  relationship.  Therefore  the  correct  way  to  formulate 
electrostriction  is 
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(3) 


ey  =  QijkiPkPi 


aj.k.l=lA3) 


The  Myu  coefficients  in  eq.  (1)  are  not  good  ccmstants  except  in  linear  dielectrics. 

It  is  instructive  to  convert  the  fourth  rank  tensor  coefficients  to  the  nxxe 
manageaUe  matrix  fonn 


(4)ei  =  QijPj2  aj=l-6) 

When  written  out  in  fiiU  for  cubic  point  group  m3m,  dris  becomes 


ei 

Qll 

Qi2 

Qi2  0 

0 

0 

Pl2 

Qi2 

Qll 

Qi2  0 

0 

0 

P22 

63  - 

Qi2 

Qi2 

Qll  0 

0 

0 

P32 

64 

0 

0 

0  Q44 

0 

0 

P2P3 

65 

0 

0 

0 

0 

Q44 

0 

P3P1 

66 

0 

0 

0 

0 

0 

Q«4 

P1P2 

In  this  expression  ei.  62  and  63  represent  tensile  strains  along  die  [100].  [010], 

and  [001]  axes,  respectively.  64, 63  and  65  are  shear  strains  about  die  same  three 
axes. 


To  understand  the  stmcture-propNer^  relationship  underlying 
electrostriction,  it  is  helpful  ID  visualize  die  atomistic  meaning  of  coefficients  Qii, 
Qi2.  and  Q44.  The  hi^  temperature  structure  of  PbTlC>3is  ^cturedin  Hg.  1  a. 

ions  are  located  at  the  comets  of  die  cubic  unit  c^,  titanium  ions  at  die 
body-centered  position,  and  oxygens  at  die  face-center  posidons. 

When  an  decttic  field  is  giddied  along  [lOQl,  polariation  component  Pi 
develops  along  the  same  axis.  This  in  turn  causes  die  unit  cell  to  elongate  by  an 

amount  Aa.  and  die  resulting  tensile  strain  is  ei  »  Aa/a.  Electrostrictive 

coefficient  Qn  is  equal  to  ei/Pi^.  The  drawing  ir  Hg.  lb  makes  it  clear  why 
electrostrictive  strain  is  prxyortional  to  electric  polarization  rather  than  electric 
field.  Polarization  and  strain  are  both  controlled  atomic  di^lacement 

The  atomistic  meaning  of  Q12  and  Q44  ue  pictured  in  figs.  1  c  and  1  d, 
respectively. 
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Fig.  1  Electrostrictioa  in  cubic  pervoskite  showing  the  physical  origin  of 
coefficients  Qn.  Qi2i  and  Q44. 
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Misconcepdoo  #2.  Large  voltages  are  required  to  observe  electrostriction. 


This  misconception  arises  from  the  fact  that  historically,  the  frrst 
electtoceramics  were  high  voltage  insulators  made  from  low  permittivity  oxides 
such  as  porcelain,  ^ass,  steatite,  and  alumina.  To  prevent  bre^own,  the 
insulators  were  falmcat^  in  large  sizes,  typically  with  1-10  cm  separation 
between  electrodes.  Under  these  conditions  the  voltages  required  to  induce 
measurable  electiostriction  are  huge,  but  the  picture  has  changed  in  the  last 
decade. 


Two  factors  have  made  the  diffoence:  smaTer  electrode  separation  and 
higher  permittivity.  The  introduction  of  thin  and  thick  film  technology,  together 
widi  tape-casdng,  has  reduced  the  thickness  of  the  dielectric  constants  to  less  than 

50  pm  with  corresponding  increases  in  the  electric  field  levels.  Fields  of 
megavolts/meter  are  commcm  under  these  circumstances.  At  the  same  time,  new 
fenoelecnic  ceramics  with  didecnic  constants  in  excess  of  10,000  have  raised  the 
pohm2ation  levels  to  new  heights,  further  contributing  to  electrostriction  strain. 
As  a  result,  strains  of  10*3  to  10*2  are  observed  with  relatively  modest  voltages. 


Misconception  #3  Electiostriction  coefficients  are  about  the  same  size  for  all 

nmtfrialg 

Misconception  #4  Electrostriction  coefficients  are  largest  in  ferroelectric  solids 
widi  high  diekctric  constants. 


Qn  coefficients  measured  for  normal  oxides  are  several  orders  of 
rru^piitu^  or  inore  larger  dum  dwse  feiroelectrics. 

Silica  -1-12.8 

Barium  Utanate  40.11 

LeadMagneaumNiobate  40.009 


Misoonceptioo  #5  Materials  with  large  electiostiictive  coefficients  produce  the 
biggest  strains. 


The  Q  coefficients  are  largest  for  non-ferroelectrics  but  relaxor 
fenodectrics  like  PMN  have  die  largest  strains.  The  following  table  lists  typiod 
values  of  die  electrostriction  coefficients  Q,  the  dielectric  constant  K,  and 

dectrostriedve  strain  e  computed  for  a  field  of  1  MVAn. 


Q 

K 

fi 

non-ftnoelecDic 

-10 

-10 

-10*2 

normal  feiroelectiic 

-10-1 

-103 

-10*5 

relaxor  feiioelectiic 

-10-2 

-10* 

-10^ 
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Note  that  the  product  QK~100  tcfilC?  is  approximately  a  constant  for  all 
three  classes.  To  see  why  this  is  so,  consider  the  following  argument  based  on 
the  atomistic  models  in  Fig  1. 

Under  the  action  of  an  applied  electric  field,  the  cations  and  anions  in  a 
costal  structure  are  displaced  in  opposite  directions  by  an  amount  Ar.  It  is  this 
displacement  which  is  responsible  for  electric  polarization  (P),  the  dielectric 

constant  K,  and  the  electrostrictive  strain  e.  To  a  first  approximation,  all  three  are 
proportional  to  Ar.  The  electrostriction  coefficient  O  is  therefore  proportional  to 
1/K: 

(Ar)* 

This  means  then,  that  QK  is  approximately  constant,  as  indicated  earlier. 
Materials  with  high  permittivity  have  small  electrostriction  coefficients  but  large 
electrostrictive  straiiL 


Misconception  #6.  Unlike  piezoelectricity  there  is  no  converse  electrostriction 
effect. 


In  the  direct  piezoelectric  effect  an  applied  mechanical  stress  au  produces 
an  electric  polarization  Pi  a  dijk  Oki.  The  converse  effect  relates  mechanical 

strain  to  applied  electric  field,  Qj »  dijic  E^.  The  piezoelectric  coefficients  dijk  arc 
identical  in  the  direct  and  converse  effect  because  both  originate  from  the  same 
term  in  die  fill  energy  function: 

F  a  . . . .  +  dijk  Pi  Ojk  + . . . . 

Electrostriction  and  its  ocmverse  effects  arise  from  the  fiee  energy  term 
F  a - +  Qijkl  Pi  Pj  Okl  + - 

Taking  the  partial  derivatives  in  different  order  leads  to  three  equivalent 
effects.  The  ^t  is  the  normal  electrostriction  effect,  the  variation  of  strain  with 
polarization: 

The  second  is  the  stress  dependence  of  the  dielectric  stiffness  Py,  better  known  as 
the  reciprocal  electric  susceptil^ty: 
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The  third  effect  is  the  polarization  dependence  of  the  piezoelectric  voltage 
coefficient  gju: 


Thus  there  are  two  converse  effects  forelectrostricti<»,  and  there  are  three  ways 
of  evaluating  tite  electrostrictive  coefficients. 


The  three  effects  are  used  in  three  different  applications:  (1)  the 
electrostrictive  micropositioner.  (2)  a  capacitive  stress  gauge,  and  (3)  a  field- 
tunable  piezoelectric  transducer. 


Misconception  #7  Thermal  expansion  effects  make  electrostrictive 
microposiiDiiers  and  stress  gauges  impractical 

This  is  true  for  noraud  oxide  insulators  but  not  for  relaxor  fenoelectiics. 
For  a  nonnal  oxide  such  as  silica,  the  electrostrictive  coefficient  Q-lOm^/C^,  die 
dielectric  constant  K-IO,  and  the  thermal  expansion  coeffident  a~10‘^K*^  For 
such  a  material  the  strain  produced  by  an  electric  field  of  1  MV/m  is  about 
which  is  equivalent  to  a  temperature  change  of  only  10*^  degre^.  This  would 
pose  severe  problems  in  an  actuator  or  nticropositicHier,  but  the  situation  is  quite 
uincreiu  lor  A  tcnoeiccinc. 

For  PMN,  Q  -  lO-^,  K  ~  10*  and  a  -  10-«K*l.  Therefore  the 
electrostrictive  strain  for  a  field  of  1 MN^  is  about  10'^  which  is  equivalent  to  a 
temperature  rise  of  1000”!  Relaxor  fenoelectiics  sranetimes  have  an  abnormally 
low  thermal  expanatm  coefficient  near  die  diffuse  itiiase  transformation  where  die 
dielectric  constant  and  the  electrostrictive  strain  are  unusually  large. 
Mictopositioners  made  from  ferrodectric  ceramics  are  not  troubled  by  «nwli 
variations  in  tenqieratore. 

ORIGINS  OF  NONLINEARiry 

What  do  nonlinear  materials  have  in  comnoon?  Thepassivety-smartPrC 
thontistor  and  ZnO  varistor  have  grain  bcnindaries  a  few  nm  thid^  insulating 
buriers  that  can  be  obliterated  by  the  polarization  charge  accompanying  a 
ferroelectric  phase  transformation,  or,  in  the  case  of  the  varistor,  inswarag 
boundaries  so  dun  they  can  be  penetramd  by  quantum  meduutical  tumieling. 
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Small  size  is  also  key  factor  in  the  nonlinear  behavior  of  semiconductors. 
The  thin  gate  region  in  a  transistor  allows  charge  carriers  to  diffuse  through 
unimpeded.  The  p-region  in  an  n-p-n  transistor  is  thin  compared  to  the  diffusion 
length  in  single  crystal  silicon.  Similar  size-related  phenomena  are  observed  in 
quantum  weU  structures  made  from  GaAs  and  Gaj.xAlxAs.  Planar  structures 
with  lun-thick  layers  show  channeling  behavior  of  hot  electrons  in  clear  violation 
of  Ohm's  law.  Current  -  voltage  relationships  are  highly  nonlinear  in  many 
submicron  semiconductor  structures.  Ohm’s  law  is  a  statistical  law  which  relies 
upon  the  assumption  that  the  charge  carrim  nudte  a  sufficiently  large  number  of 
collisions  to  enisle  tiiem  to  reach  a  terminal  velocity  characteristic  of  the  materiaL 
When  the  size  of  the  conduction  is  sufficiently  sm^U  compared  to  the  mean  free 
path  between  collisions,  the  statistical  assumption  Ireaks  down,  and  Ohm's  law 
is  violated. 

Nonlinear  behavior  is  also  obs^ed  in  thin  film  insulators  where  even  a 
modest  voltage  of  1-10  volts  can  result  in  huge  electric  fields  of  100  MV/m  or 
more.  This  means  that  thin  film  dielectrics  experience  a  far  larger  field  than  do 
normal  insulators,  and  causing  the  polarization  to  saturate  and  electric  permitivity 
to  decline.  Because  of  the  high  fields,  electric  breakdown  becomes  a  greater 
hazud,  but  this  is  ptutly  counteracted  by  an  increase  in  breakdown  strengtii  with 
decreasing  thickness.  This  comes  about  because  the  electrode  equipotential 
surfaces  on  a  thin  film  dielectric  are  extremely  dose  together,  thereby  eliminating 
the  asperities  that  lead  to  field  concentruion  and  breakdown. 

The  influence  of  nanometer-scale  domains  on  the  pit^xarties  of  relaxor 
fetroelectrics  has  already  been  made  plain.  Here  the  critical  sizeparameter  is  the 
size  of  the  polarization  fluctuations  arising  from  thermal  motions  near  the  brood 
ferroelectric  phase  transformation  in  PMN  and  similar  oxides.  The  ordering  of 
Mg  and  Nb  ions  in  the  octahedral  site  of  the  PMN  structure  results  in  a  chemical 
inhomogeneous  structure  on  a  nm-scale,  and  t^  in  turn,  influences  the  size  of 
the  polarization  fluctuatitms.  Tightly  coupled  dqxtir:  within  each  Nb-rich  portion 
of  tUs  self-assembling  naix>composite  behave  like  a  superparadectric  soluL  The 
dipoles  are  strongly  coupled  to  one  another  but  not  to  the  crystal  lattice,  and  thus 
they  reorient  together  under  the  influence  of  temperature  or  electric  field  diis  in 
turn  causes  the  large  electric  pennittivities  and  la^  electrosttictive  ^ects  found 
in  relaxor  femoelectrics. 

The  importance  of  nanometer-scale  fluctuations  and  the  instabilities 
assodated  with  phase  transformations  is  also  apparent  in  the  nonlinear  elasticity 
of  rubber  and  otha*  polymeric  materials.  The  thomally-assisted  movement  of  thie 
randomly  oriented  polymer  chains  under  tensional  stress  results  in  large 
compliance  coefficients,  but  robber  gradually  stiffens  as  the  chains  align  witii  ^ 
stress  into  pseudo-crystalline  repons.  The  increase  in  stiffness  witii  stress  gives 
rise  to  sizeable  third  order  elastic  constants  in  many  amorphous  polymers.  The 
effect  depends  markedly  on  temperature.  On  cooling,  to  lower  temperatures 
rubber  and  other  amorphous  polymers  transform  from  a  compliant  rubber-like 
material  to  a  brittle  glass-like  phase  which  is  of  little  use  in  ncmluiear  devices. 


Nonlinear  behavior  is  also  observed  in  magnetic  and  optical  systems. 
Supeiparamagnetic  behavior,  analogous  to  the  sunerparaelectric  behavior  of 
relaxor  ferroelectrics,  is  found  in  spin  glasses,  fine  powder  magnets,  and 
magnetic  cluster  materials.  As  in  PMN,  the  magnetic  diptdes  are  strongly  coupled 
to  one  another  in  nanometer-size  complexes,  but  are  not  strongly  coupled  to  the 
lattice.  Supoparamagnetic  solids  display  nonlinear  magnetic  susceptibilities  and 
unusual  effects  in  which  Young's  modulus  E  can  be  controlled  by  magnetic 
field.  The  effect  is  especially  large  in  n^tallic  glasses  made  from  Fe-Si-B-C 
alloys.  The  cluster  size  in  spin  glasses  is  in  the  nanometer  range  like  those  in 
PMN. 


Lead  lanthanum  zirconate  titanate  (PLZT)  perovsldtes  can  be  prepared  as 
transparent  ceramics  for  electrooptic  mcdulators.  Quadratic  nonlinear  optic 
behavior  are  otKserved  in  pseudocubic  regions  of  the  phase  diagram  which  show 
relax(v-like  properties. 

In  summary,  the  nonlinear  properties  of  electroceramics  are  often 
associated  with  nanometer-scale  structure  and  diffuse  phase  transformations. 
Under  these  circumstances  the  structure  is  poised  i  n  the  verge  of  an  instability 
and  responds  readily  to  external  influences  such  as  electric  or  magnetic  fields,  or 
mechanical  stress. 

The  ready  response  of  nonlinear  ceramics  allows  the  properties  to  be 
tuned  in  space  or  time  to  optimize  the  behavior  of  the  sensor-actuator  systems 
referred  to  by  some  as  "veiy  smart  cerannes." 
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DISCUSSION 


P.  Davies:  Concerning  the  relaxor  ferroelectric  with  cation  ordering  in  the  nanodomains, 
the  charge  imbalance  between  the  ordered  and  disordered  regions  bothers  me  a  little  bit. 
Are  we  sure  there  are  no  oxygen  deficiencies  in  these  domains?  Why  are  the  ordered 
domains  stable? 

R.  Newnham:  Well,  that’s  a  good  question.  If  you  examine  various  ordered 
configurations,  say  by  model-building,  you  find  the  one-to^e  pattern  goes  together  very 
nicely  because  thm  are  six  unit  cells  around  each  perovskite  unit  cell,  making  it  easy  to 
pair  things  off.  If  you  try,  two-to-one  ordering  corresponding  to  the  overall  composition, 
you  find  it  is  necessary  to  position  niobium  ions  in  neighboring  octahedral  sites.  This 
violates  Paulings  electrostatic  valence  rule  and  leads  to  charge  imbalance  on  the  atomic 
scale. 

What  Tm  pointing  out  is  that  if  you  look  at  other  possible  ordering  schemes  there  are 
problems  with  them,  too,  so  it  comes  down  to  which  is  least  unfavorable. 

P.  Davies!  Are  we  sure  there  are  no  oxygen  deficiencies  in  the  domains? 

R.  Newnham:  Well,  I’ll  let  Prof.  Smyth  comment  on  that,  but  I  can  tdl  you  that  these 
relaxors  are  excellent  insulators  which  will  withstand  very  high  voltages,  and  I  think  if 
there  were  a  lot  of  oxygen  vacancies  which  were  present  we  would  be  seeing  ccHiductimi 
and  d^radation  phenomena  ^ch  are  not  observed. 

D.  Smyth:  Well,  diat’s  a  question  of  continuity.  You  might  have  some  motion  within 
the  donuun,  but  whether  it  would  tran^rt  diroughout  the  entire  system,  I  don’t  know. 
1  don’t  thii^  we  have  any  direct  evidrace  on  that  because  it  is  difficult  to  probe  these 
very  small  areas. 

D.  Kolar:  What  is  the  effect  of  grain  size? 

R.  Newnham:  The  samples  we  have  prqjaied  have  normal  grain  sizes  on  the  micrcm 
scale.  There  have  been  studies  of  small  grain  sizes  in  ferrodectric  ceramics  and  studies 
of  nanocomposite  materials  showing  tranafions  from  the  multidomain  r^me,  to  single 
domain,  and  to  the  superparaelectric  r^ime.  You  have  to  ask  in  what  tempoature  range 
and  in  which  size  r^me  are  you  operating.  In  the  high  tempoature  r^me,  the 
dectrostrictive  material  bdiaves  like  a  normal  paradectric,  then  oa  cooling,  there  is  a 
broad  diffuse  phase  r^on  with  tdaxor  phenomena,  and  then  at  low  tempoatures  it  is  a 
nmmal  ferroelectric  with  normal  domain  structure.  Then  PMN  behaves  pretty  much  like 
odier  fenodectrics,  but  it  is  this  broad  diffuse  range  which  comes  about  because  of 
nanomda-  scale  structure,  and  which  we  think  is  analogous  to  similar  phenomena 
observed  when  fmodectrics  are  prqared  in  very  small  particle  sizes.  This  is  what  is 
often  called  superparadectridty  with  ycry  large  didectric  constants  and  very  large 
electiostrictive  effects. 
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158  coMPOsrra  blbctrocbiumics 


Composite  Elec^troceraiiiics* 


Composite  materials  have  found  a  number  of  structural 
applioitlons.  but  their  use  in  the  electronics  industry 
has  been  relative^  limited.  As  the  advantages  and  disad¬ 
vantages  of  electroceramic  composites  are  better  under¬ 
stood.  we  can  expect  this  picture  to  change. 

In  this  article  we  review  some  of  the  basic  ideas  un¬ 
derlying  composite  electroceramics:  sum  and  product 
properties,  connectivity  patterns  leading  to  field  and 
force  concentration,  the  importance  of  periodicity  and 
scale  in  resonant  structures,  the  symmetry  of  composite 
materials  and  its  influence  on  physical  properties,  poty- 
duomatic  percolation  and  coupl^  conduction  paths  in 
composites,  varistor  action  and  other  interfacial  effects, 
coupled  phase  transformation  phenomena  in  compos¬ 
ites,  and  the  important  role  that  porosity  and  inner  sur¬ 
face  area  play  in  many  composites. 


Sum  and  Product  Properties 

The  basic  ideas  undertying  sum  and  product  properties 
were  introduced  fay  Van  Suchtelen  (1).  For  a  sum  prop¬ 
erty,  the  composite  property  coefficient  depends  on  the 
corresponding  coefficients  of  its  constituent  phases. 
Thus  the  stiffiiess  of  a  composite  is  governed  fay  the  elas¬ 
tic  sdffiiesses  of  its  component  phases. 

ftoduct  properties  are  more  complex  and  more  inter¬ 
esting.  The  product  properties  of  a  composite  involve 
different  properties  in  its  constituent  phases,  with  the 
interactions  between  the  phases  often  causing  unex¬ 
pected  results.  In  a  magnetoelectric  composite,  for  in¬ 
stance,  the  magnetostrictive  strain  in  one  phase  creates 
an  electric  polarization  in  an  adjacent  piezoelectric 
phase.  Examples  of  sum  and  product  phases  are  de¬ 
scribed  in  the  following  sections. 

Sum  Properties 

The  dielectric  constant  will  be  used  to  fllustrate  a  simple 
sum  property.  Series  and  parallel  mixing  rules  for  the 
didectric  constant  are  shown  in  Figure  1.  The  mixing 
rules  involve  onty  the  dielectric  constants  Ka  and  of 
the  two  phases  and  their  volume  fractions  Va  and  v^. 
When  plotted  as  a  function  of  composition,  the  dielectric 
constant  of  the  composite,  K,  decreases  smoothty  from 
Ka  to  its  minimum  vdue  at  fCs . 

The  series  and  parallel  models  represent  extremes  for 
the  mixing  rules.  Maximum  values  are  obtained  with 
parallel  mixing,  and  minimum  with  the  series  case. 
There  are,  of  course,  other  mixing  rules  that  lie  between 
these  extremes. 

TWO  examples  of  dielectric  composites  are  illustrated 
in  Figures  2  and  3.  The  microwave  foamed  ^ass  in  Figure 
2  has  an  extremely  low  dielectric  constant.  By  introduc¬ 
ing  60  vol  %  porosity  in  a  lithium  aluminum  silicate 

*  neprlnied  from  Journal  ef  Maieriab  Education,  7,  80  I19SSI. 


FIGURE  1  Dielectric  constant  plotted  as  a 
function  of  composition  for  series  and  paral¬ 
lel  mixing. 


LEAD-THROUGH  SEALS 


FIGURE  2  Dielectric  constant  of  a  porous 
glass  used  in  microwave  lead-through  seals. 
(From  Ref.  2.) 


BaTiOi  NaNbOa  GRAIN 
GRAINS  BOUNDARIES 
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FIGURE  3  Composite  capacitor  dielectric 
consisting  of  BaTiOj  grains  in  a  NaNbOa  ma¬ 
trix.  The  dielectric  constant  shows  relatively 
little  variation  with  field. 
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glass,  its  dielectric  constant  is  reduced  from  5.6  to  2.1  [21. 
Decreasing  the  dielectric  constant  increases  the  speed  of 
electromagnetic  waves  traveling  along  conducting  wires 
embedded  in  the  composite.  The  speed  is  doubled  fay 
replacing  alumina  (K  9)  with  porous  ^ass  (K  —  2). 

Composite  ceramics  are  also  useful  in  high  voltage 
applications.  The  dielectric  constant  of  BaTSOs  multi¬ 
layer  capacitors  decreases  substantially  under  high  volt¬ 
age  fields,  often  by  100%  or  more.  This  is  normal  behav¬ 
ior  for  ferroelectric  materials  where  the  polarization 
saturates,  but  antiferroelectric  substances  such  as 
NaNbOs  behave  differently.  The  dielectric  constant  of  so¬ 
dium  niobate  is  nearfy  independent  of  bias  field  (Fig.  3), 
as  its  metastable  fen^ectric  structure  begins  to  influ¬ 
ence  the  permittivi^  under  high  fields. 

Capacitor  comp>ositions  with  enhanced  permittivity  at 
high  fields  have  been  manufactured  from  composites 
made  from  BaTiOs  and  NaNbOa  [3].  Fast-firing  a  mixture 
of  BaTiOa  and  NaNbOa  causes  the  NaNbOa  to  melt  and 
coat  the  grains  of  BaHOa,  producing  a  composite  struc¬ 
ture  with  ferroelectric  grains  and  antiferroelectric  grain 
boundaries.  By  adjusting  the  composition  and  firing 
schedule,  a  capacitor  with  field-independent  permittiv- 

is  produced.  Coating  the  grains  with  NaNbOa  pre¬ 
vents  growth  of  the  BaHOa  grains,  further  enhancing  the 
dielectric  properties  of  the  composite,  and  causing  it  to 
exceed  both  component  phases  at  high  voltages. 


FiGVRE  4  Speed  of  stress  waves  in  com¬ 
posite  materials  made  from  steel  filaments  in 
epo^.  Waves  traveling  parallel  to  the  fila¬ 
ments  travel  faster  than  transverse  waves;  the 
transverse  waves  are  slower  than  waves  in  the 
pure  epo]^  matrix.  (From  Ref.  4.) 


CombiiMition  Properties 

For  simple  mixing  rules,  the  properties  of  the  composite 
lie  between  those  of  its  constituent  phases.  This  is  not 
true  for  combination  properties,  which  involve  two  or 
more  coefficients.  Poisron's  ratio  is  a  good  example  a 
combination  property  since  it  is  equal  to  the  ratio  of  two 
compliance  coefficients.  As  is  well  known,  some  com¬ 
posite  materials  have  extremely  small  values  of  Poisson's 
ratio,  smaller  than  those  of  the  materials  used  to  make 
the  composite. 

Another  example  of  interest  in  electronic  applications 
is  the  acoustic  wave  velocity,  which  determines  the  reso¬ 
nant  frequency  of  piezoelectric  devices.  For  a  long,  thin 
rod,  the  velocity  of  waves  propagating  along  the  length  of 
the  rod  is  v  *  iE/p)^,  where  £  is  Young's  modulus  and  p 
is  the  density.  Fiber-reinforced  composites  often  have 
vety  anisotropic  wave  velocities.  Consider  a  compliant 
matrix  material  reinforced  with  parallel  fibers.  Long,  thin 
rods  fashioned  from  the  composite  have  diflerent  prop¬ 
erties  when  the  fibers  are  oriented  paraUel  or  perpendic¬ 
ular  to  the  length  of  the  rod.  Much  faster  wave  vdocities 
are  measured  for  longitudinal  orientation  than  for  trans¬ 
verse  orientation  of  the  fibers  (Fig.  4).  For  the  longitudinal 
case: 


/(£,  -  E„)v,  +  E„ 

*'‘-=  V(p,-  p« 


and  for  transverse  fibers; 


Emd  +  2nvH 


P«  +  (Pf  -  pjd  -  »1V|» 


where  £f  and  £„  are  the  Young’s  modulus  values  for  the 
fibers  and  matrix,  respectively,  pf  and  p^  are  the  densi¬ 
ties,  Vf  is  the  fiber  volume  fiaction,  and 

,  -1 
"  (£f/£i„)  +  2 

Experimental  data  [4]  for  composites  made  from  steel 
filaments  embedded  in  epoty  conform  closely  to  the 
equations  for  V|,  and  v,.  Note  that  v,,  the  wave  velocity  for 
waves  traveling  transverse  to  the  fibers,  is  less  than  the 
velody  in  both  epoxy  and  steel,  the  two  phases  that 
make  up  the  composite.  The  slowness  of  this  wave  is 
caused  by  the  fact  that  density  and  stifihess  depend  dif¬ 
ferently  on  volume  fiaction.  This  difference  in  mixing 
rules  for  £  and  p  causes  the  combination  property  v,  to 
lie  outside  the  range  of  the  end  members.  'The  longitudi¬ 
nal  wave  V|,  behaves  more  normally.  In  this  case  £  and  p 
follow  the  same  mixing  rule  and  the  values  for  vl  lie 
between  those  of  the  end  members. 

Another  example  of  unusual  wave  behavior  occurs  in 
composite  transducers  made  from  poled  ferroelectric  fi¬ 
bers  embedded  in  an  epoiy  matrix  [5].  When  driven  in 
thickness  resonance,  the  regular^  spaced  fibers  excite 
resonance  modes  in  the  polymer  matrix,  causing  the 
matrix  to  vibrate  with  much  lai^r  amplitude  than 
the  piezoelectric  fibers.  The  difference  in  compliance 
coefficients  causes  the  nonpiezoelectric  phase  to  re¬ 
spond  far  more  than  the  stiff  ceramic  piezoelectric.  Com¬ 
posite  materials  are  therefore  capable  of  mechanical 
amplification. 
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TABLE  1 

Examples  of  Product  Properties 


Properly  of 
Phase  1 

Properly  of 

Phase  11 

Composite  Product 
Property 

ThonuJ  expansion 
Magnetostriction 

Hall  effect 
Photoconductivity 
Superconductivity 
Piezoelectricily 

Electrical  conductivity 
Piezoelectricity 

Electrical  conductivify 
Electrostriction 

Adiabatic  d«nagnetization 
Thermal  eiq>aruion 

Thermistor 

Magnetoelectricity 

Magnetoresistance 

Photostriction 

Electrothermal  effect 

lyroelectriciiy 

Product  Properties 

A  product  pn^jer^  utilizes  different  properties  on  the 
two  phases  of  a  composite  to  produce  yet  a  third  prop¬ 
erty  throu^  the  interaction  of  the  two  phases.  By  com¬ 
bining  different  properties  of  two  or  more  constituents, 
surprisingly  large  product  properties  are  sometimes  ob¬ 
tained  wiA  a  composite.  Inde^,  in  a  few  cases,  product 
properties  are  found  in  composites  that  are  entire^  ab¬ 
sent  in  the  phases  making  up  the  composite.  Table  1  lists 
a  few  of  the  hundreds  of  possible  product  properties, 
several  of  whidt  are  described  in  the  following  para¬ 
graphs. 

In  the  magnetoresistive  field  plate  developed  fay  Weis 
[6],  a  composite  of  InSb  and  Ni%  is  directionally  solidi¬ 
fied  to  form  parallel  NiSb  needles  in  an  InSb  matrix.  A 
long  rectangular  segment  of  the  composite  is  electroded 
across  the  ends,  with  the  NiSb  fibers  parallel  to  the  elec¬ 
trodes  and  transverse  to  the  length  of  the  compodte  (Fig. 
51.  InSb  is  a  semiconductor  with  a  large  Hall  effect,  and 
NiSb  is  metallic  with  large  electrical  conductivity. 

When  an  electric  current  flows  along  the  length  of  the 
bar,  and  a  magnetic  field  is  applied  peipendici^  to  the 
current  and  perpendicular  to  the  NiSb  needles,  the  cui^ 
rent  is  deflected  because  of  the  HaD  effect.  Normally  this 
would  result  in  an  electric  fidd  transverse  to  the  current 
and  the  magnetic  field,  but  the  NSb  needles  short  out 
the  fidd.  Electric  current  continues  to  be  deflected  as 
long  as  the  magnetic  fidd  is  present.  The  resulting  prod¬ 
uct  property  is  a  large  magnetoresistance  effect. 


biSb  MATRIX 


MAGNETIC  FIELD 


A  second  example  of  a  product  proper^  is  the  supers 
conducting  stabilizer  developed  by  W.  N.  Lavdess  {7].  The 
superconducting  cable  made  of  Ni^n  is  sheathed  with  a 
paramagnetic  ceramic  of  CdCr^O* .  Temperature  fluctua- 
tiorts  cause  portions  of  the  superconductirtg  cable  to 
revert  to  normal  metallic  behavior,  thereby  decreasing 
the  superconductirtg  electric  current  and  the  sutround- 
irtg  magnetic  field  it  generates.  The  decrease  in  magnetic 
field  demagnetizes  the  paramagnetic  CdCrj04  and 
lowers  its  temperature.  This  in  turn  cools  the  Nb^Sn  ca¬ 
ble,  causing  it  to  return  to  the  superconducting  state 
(Fig.  6). 

A  magnetoelectric  composite  made  from  ferroelectric 
BaTiOj  and  ferrimagnetic  cobdt  titanium  ferrite  has 
been  studied  by  scientists  from  Philips  Laboratory  [5,9].  A 
dense  intimate  mixture  of  the  perovskite  and  spinel- 
structure  phase  was  obtained  fay  directional  solidifica¬ 
tion,  and  then  electrically  poled  to  make  the  BaTiOi 
phase  piezodectric  (Fig.  7).  When  a  magnetic  field  is  ap¬ 
plied  to  the  composite,  the  ferrite  grains  change  shape 
because  of  magnetostriction.  The  strain  is  passed  along 
to  the  piezoelectric  grains,  resulting  in  an  electrical  po¬ 
larization.  Magnetodectric  effecu  a  hundred  times 
larger  than  those  in  CrjO}  are  obtained  this  way.  Subse¬ 
quent  research  [10]  has  led  to  the  development  of  a 
broadband  magnetic  field  probe  with  an  exceptionally 
flat  frequerxy  response  up  to  650  kHz. 
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FIGURE  6  Superconducting  wire  of  Nb3Sn 
surrounded  by  a  paramagnetic  sheath  of 
CdCrA. 


FIGURE  5  Magnetoresistive  field  plate 
made  from  indium  antimonide  and  nickel  an- 
timonide.  The  plate  is  used  as  a  nugnetic 
field  sensor  and  a  noncontacting  variable  re¬ 
sistor. 
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PRODUCT  PROPERTY 


FIGURE  7  Magnetoelectric  transducer 
making  use  of  the  magnelostrictive  effect  of  a 
ferrite  mechanically  coupled  to  fdezoelectric 
barium  titanate. 


Transport  Properties  of  Composites 

Conductor-filled  composites  are  discussed  in  this  sec¬ 
tion,  emphasizing  the  importance  of  percolation  in  ran¬ 
dom  and  segregated  mixes.  Differential  thermal  expan¬ 
sion  between  matrix  and  filler  sometimes  leads  to 
remarkable  variations  in  resistance  «vith  temperature. 
Composite  PTC  thermistors  and  humidiD'  sensors  based 
on  these  ideas  are  described  in  this  section. 

Percolation  and  Segregated  Mixing 

Some  of  the  principles  can  be  illustrated  with  the  work 
on  wax-graphite  composites  carried  out  by  Raiagopal 
and  Satyam  (11).  After  melting  the  wax.  the  graphite  par- 


tides  are  stirred  in  and  the  composites  pressed  to  re¬ 
move  porosity.  Graphite  grains  45  to  215  fim  in  size  were 
used  in  the  study.  A  ^ical  variation  of  conductivi^  with 
composition  is  shown  in  Figure  S.  At  approximately  20 
vol  %  graphite,  the  resistance  decreases  rapidly  as  the 
graphite  particles  begin  to  contact  one  another.  This  crit¬ 
ical  volume  fraction  V|  is  referred  to  as  the  percolation 
limit,  and  is  evaluated  fay  plotting  conductivity  on  a  lin¬ 
ear  scale  versus  volume  fiaction  conducting  fiUer  (Fig.  8). 
The  electrical  conductivity  of  composites  rich  in  filler  is 
controlled  contacting  graphite  particles,  whereas  be¬ 
low  the  percolation  limit  the  conductivity  is  controlled 
fay  the  polymer.  Near  the  percolation  limit  the  conductiv¬ 
ity  is  controlled  fay  thin  polymer  layers  between  graphite 
partides.  As  shown  in  Figure  8,  the  critical  volume  frac¬ 
tion  for  45  tun  graphite  partides  is  smaller  than  that  for 
215  /int  partidtt. 

The  smaller  partides  show  segregated  mixing.  The 
effect  of  partide  size  on  mixing  is  illustreted  in  Figure  9. 
which  compares  the  situations  when  the  conducting 
partides  are  comparable  in  size  to  the  insulating  parti¬ 
des.  and  when  the  conducting  partides  are  much 
smaller  than  the  insulating  partides.  Percolation  re¬ 
quires  a  laiger  volume  fraction  when  the  two  types  of 
partides  are  comparable  in  size.  When  the  conducting 
partides  are  small,  they  are  forced  into  interstitial  re¬ 
gions  between  the  insulating  particles;  this  forces  the 
conducting  partides  into  contact  with  one  another,  re¬ 
sulting  in  a  low  percolation  limit. 

These  ideas  are  borne  out  by  experiments  on  copper 
partides  embedded  in  a  matrix  of  polyvinyl  dtloride  (12}. 
Figure  10  shows  the  resistivity  of  ^-fVC  composites 
plotted  as  a  function  of  volume  fiaction  of  copper.  The 
critical  volume  fiaction  decreases  markedly  when  the  Cu 
partides  are  far  smaller  than  the  polymer  partides. 
When  the  size  ratio  is  35d,  the  critical  volume  percent  is 
only  4%  Cu.  This  highly  segregated  mixing  establishes 
contact  between  conducting  copper  particles  at  a  veiy 
low  ratio  of  conductor  to  insulator. 


(o» 


(b) 


FIGURE  8  Electrical  conductivity  of  %vax- 
graphite  composites  plotted  as  a  function  of 
composition.  Critical  volume  fraction  for  per¬ 
colation  is  determined  by  extrapolating  the 
conductivity  to  zero.  (From  Ref.  ii.) 


FIGURE  9  Mixing  of  (a)  equal-size  particles 
and  (b)  large  and  small  particles.  The  perxxila- 
tion  limit  is  nnaller  when  the  conducting 
partides  are  segregated  into  interstitial  sites 
between  larger  insulating  particles. 
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FIGURE  10  Resistivity  of  Cu-PVC  compos¬ 
ites  for  severe]  size  redos  of  PlC-Cu  p^- 
des.  Percolation  occurs  easOy  when  the  Cu 
particles  are  small  and  concentrated  in  grain 
boundary  regions.  (From  Ref.  12.) 


Composite  Thermistors 

A  second  interesting  eilect  is  the  dependence  of  electri¬ 
cal  resistance  on  temperature.  FTC  thermistors  are  char¬ 
acterized  fay  a  positive  temperature  coefficient  of  electri¬ 
cal  resistance.  Doped  barium  titanate  (BaTIO»l  has  a 
useful  PTC  eflhct  in  which  the  resistance  undergoes  a 
sudden  increase  of  four  orden  of  magnitude  just  above 
the  ferroelectric  Curie  tempefature  (130*0.  The  FTC  ef¬ 
fect  is  caused  by  insulating  Schottlty  barriers  created  fay 
oxidiEing  the  grain  boundaiy  regions  between  conduct¬ 
ing  graiiu  of  rare  earth-doped  BaTiQi. 

Similar  FTC  effects  are  observed  when  potymers  are 
loaded  new  the  percolatian  limit  with  a  conducting 
filler.  The  ^tyswitd)  overload  protector  (13]  is  made 
from  high  demity  potyethyfene  with  carbon  filler.  At 
room  temperature  the  caii^  particles  are  in  contact, 
giving  resistivities  of  onty  1  O-cm,  but  on  heating  the 
pofymer  expands  more  r^ifdty  than  carbon,  pulling  the 
caii^  gra^  apart  and  raising  the  resistivity.  FDtyeth)d- 
ene  expands  very  rapidly  new  130*C.  resulting  in  a  pro¬ 
nounced  PTC  ^ect  cmnparable  to  that  of  BaTiOi.  A 
rapid  increase  in  resistivity  of  six  orders  of  magnitude 
occurs  over  a  30*  temperature  rise  (Fig.  11). 

As  pointed  out  fay  Doljfack  (131,  the  carbon-potyetl^- 
erte  FTC  thermistor  has  several  advantages  over  BaTK}}; 
(a)  the  room  resistivity  is  tower,  (b)  it  shorn  FTC  behavior 
at  high  temperature,  (c)  the  resistance  is  insensitive  to 
voltage,  and  (d)  the  device  has  good  thermal  shock  resis¬ 
tance.  The  principal  drawback  with  Potyswitch  compos¬ 
ites  seems  to  be  the  slow  recovery  time.  Several  hours  are 
required  for  the  resistance  to  return  to  within  10%  of  its 
initial  value  «t  room  temperature.  The  slow  recovery  of 
base  resistance  is  caused  fay  potymer  melting  followed 
fay  seccMkIaty  reaystaOization  aiKl  gradual  rdbrmation 
of  the  carbon  bladi  chains  responsfoie  for  cxxiduction. 
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TEMPERATURE  fXJ) 

FIGURE  11  Congiarison  of  the  PTC  effects 
in  BaTIQa  and  caiban-potyeth)tene  compos¬ 
ites.  The  PTC  effect  is  caused  fay  the  volume 
erqpansion  of  the  potyetltylene  during  an 
asnorphous-ciystaOine  phiw  tFansforma- 
don. 

SimBw,  but  less  dramatic,  changes  in  resistivity  are 
observed  in  wax-graphite  composites,  where  a  threefold 
imaease  in  resistivity  occurs  over  a  20*C  temperature  rise 
(11).  Not  all  composites  show  a  FTC  effect,  however. 
Magnedte-ahimina  composites  [14]  made  fay  arc  plasma 
spray  possess  NTC  beharior  with  a  decrease  of  four  or¬ 
ders  cf  magnitude  in  resistivity  on  heating  from  100*  to 
300  K.  For  composites  containing  60  vol  %  Fe/)4,  the 
magnetite  parddes  remain  in  contact  throughout  the 
temperature  range. 

Combined  NTC-PTC  composites  have  also  been  con¬ 
structed  (15).  Vanadium  sesquioxiile  (VsOi)  has  a  metal- 
semtoonductor  transition  new  160  K  with  a  large  iit- 
crease  in  conductivfty  on  heating  (16).  This  material  can 
be  inooiporated  hi  a  rxxnposite  by  mixing  V|Q(  powder 
in  an  epoory  matrix.  The  ffitor  particles  are  in  crmtact  at 
tow  tenqreratures  and  ediibit  an  NTC  resistarm  change 
similwto  that  observed  in  ViOi  caystals  and  sin^e-phaM 
ceramics.  On  heating  above  room  temperature,  the  poly¬ 
mer  nutrix  e>q»nds  rapidly,  pulling  the  ViOs  grains 
apart  and  raising  the  resistance  fay  many  orders  of  mag¬ 
nitude.  This  produces  a  FTC  effect  simflw  to  that  in  the 
Potyswitch  ccanposite.  The  net  result  is  an  NTC-FTC 
thomistor  with  a  conduction  "window*'  in  the  range 
-lOOnc  to  -f  100*0.  This  is  a  gcxxl  example  oS  die  use  of 
coupled  phase  transformations  In  composites. 

Many  interesting  experiments  remain  to  be  done  us¬ 
ing  eiectroceramic  fiUers  in  potymer  matrices.  In  addi¬ 
tion  to  the  conducrtor  particles  just  discussed,  there  are 
interesting  combinations  of  piezoelectric  (eg.,  (17]),  mag¬ 
netic;  pyroelectric,  feiroelectric,  varistor,  thermistor,  and 
insulator  fillers  to  be  explored. 

Porous  Composhes 

Composite  humidity  sensors  have  been  tynthesized  by 
loadaig  lithium  fluoride  with  alumina  (18).  Different!^ 
thermal  contraction  of  the  UF  matrix  and  Ai20i  filler 
causes  internal  microcracks  to  open  within  the  compos¬ 
ite.  The  electrical  resistance  of  this  material  is  veiy  sensi- 
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FIGURE  12  Electrical  resistance  of  AljOj-LiF  composites  used  as  hu* 
midity  sensors. 


tive  to  humidi^  (Fig.  121.  Moisture  penetrates  into  the 
microcracks,  affecting  the  surface  resistance.  Conduc¬ 
tion  probably  occurs  the  Grotthus  mechanism 
<**)  HjO  +  H*)  at  low  humidity  levels,  and  by  Li'^  ion 
conduction  in  adsorbed  water  layers  at  high  humidity. 
In  any  case,  the  ceramic  alumina  particles  play  an  intei^ 
eating  nde  in  the  composite:  their  presence  initiates  the 
microcracking  responsible  for  increased  surface  conduc¬ 
tion. 

Cmnposite  gas  sensors  have  been  constructed  on  sim¬ 
ilar  principles  (19].  The  addition  of  AlfOa  to  ZnO  ceramics 
stabilises  a  porous  microstructure  ideal  for  adsorption- 
desorption-type  gas  sensors.  The  porous  texture  en¬ 
hances  the  electrical  conductivity  to  such  an  extent  that 
the  sensitivity  to  flammable  gases  is  adversely  affected, 
but  soaking  the  porous  structure  in  a  lithium-containing 
solution  increases  the  resistivity,  resulting  in  a  reproduc- 
tde  gas  sensor  sensitive  to  methane,  pn^wie,  arid  other 
Itydrocarbon  gases. 

A»  pointed  out  by  Yanagida  (201  interactions  between 
two  dUfferent  materials  can  give  rise  to  very  unusual  phe- 
iwmena.  Dispersing  a  basic  refractory  (MgCr^*!  in  ui 
add  refractoiy  (TiOi)  produces  a  composite  humidity 
sensor  suitable  for  monitoring  cooking  in  electric  ovens. 

Contacts  between  p-  and  n-type  ceramic  gieiiu  are 
also  sensitive  to  humidity  (21].  The  f-V  characteristics  of 
ZnO  (n-typei  and  NiO  (p-type)  functions  change  mark¬ 
edly  with  humidity  and  exposure  to  flanunable  gases. 

Another  interesting  composite  in  which  the  ceramic 
filler  plays  an  indirect  role  is  the  metal-ceramic  contacts 
used  for  hi^  current  switches  (22].  In  one  type,  cad¬ 
mium  oxide  partides  are  embedded  in  a  silwr  metal 
matrix.  Large  switching  currenu  sometimes  cause  local¬ 
ised  melting,  which  welds  the  contact  shut.  When  the 
silver  grains  melt  in  the  composite,  CdO  grains  are  ex¬ 
posed,  lowering  the  current  flow  and  preventing  weld¬ 
ing.  Cadmium  oxide  decomposes  to  prevent  surface 
accumulation.  This  results  in  a  blowing  effect  that 
quenches  arc  fonnation. 


Po^ychromaitlc  Percolation 

Transport  by  percolation  through  two  or  more  materials 
can  be  visualized  in  terriu  of  colors.  Black  arui  white 


patterns  (Fig.  13)  illustrate  percolation  in  a  difriiasic 
solid.  Three  kinds  of  percolation  are  possible:  (a)  percola¬ 
tion  throu^  an  all-white  path,  (b)  percolation  through 
an  aU-bladk  path,  and  (c)  percolation  through  a  com¬ 
bined  black-\^te  path.  From  a  composite  point  of  view, 
the  third  possibility  is  the  most  interestiiig  because  it 
offers  the  possibility  of  discovering  new  phenomena  that 
are  not  present  in  either  phase  individually.  Foremost 
among  these  effects  are  the  interfacial  phenomerui, 
which  arise  by  insertiirg  a  thin  insulating  layer  between 
particles  with  high  eletmical  conductivity.  Varistors,  FTC 
thermistors,  and  boundary^ayer  capacitors  are  exam¬ 
ples.  In  ceramic  varistors,  conducting  ZnO  grains  are 
surrounded  by  thin  layers  of  BijOs  insulation  The  tun¬ 
neling  of  electrons  through  this  barrier  gives  rise  to  the 
varistor  eflect. 

The  two-color  patterns  in  Figure  13  show  how  perco¬ 
lation  depends  on  volume  fracton  for  a  random  mix.  As 
pointed  out  earlier,  the  percolation  limit  dqrends  on 
connectivity.  Highty  connected  s^regated  mixtures  have 
lower  percolation  limits  than  random  mixtures  of  low 
coiuiectivity.  Of  the  three  kinds  of  traiuport  paths,  all 
three  mty  occur  in  a  diphasic  composite  with  equal  pro- 
porthms  of  the  two  constituents.  As  pictured  in  Figure 
13s,  there  are  all-white  paths,  all-bladi  paths,  and  bladi- 
white  paths,  with  the  last  predominating.  When  one 


FIGURE  13  Bladc-aixl-white  percolation 
patterns  drawn  for  randomly  mixed  particles 
of  equal  size  and  sluqie.  The  blackAvhite  mix¬ 
ing  ratios  are  SOfSO  in  (a)  and  15/85  in  (b). 
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FIGURE  14  Iticoior  percolation  patterns 
drawn  ftorn  randomly  mixed  particles  of 
equal  size  and  shiqse.  Mixing  ratios  are  (a)  33/ 
33/33.  (b)  50/25/25.  and  (c)  SO/lOnO. 


color  outnumbers  the  other  (Fig.  13b),  the  minority 
phase  may  lose  its  connectivity  as  its  volume  fraction 
drops  belou’  the  percolation  limit. 

Three^lor  percolation  is  illustrated  in  Figure  14. 
Seven  kinds  of  conduction  paths  are  possible:  three 
monocolor,  three  bicolor,  and  one  tricolor.  When  all 
three  colors  are  present  in  equal  amounts  (Fig.  14a).  it  is 
possible  that  there  will  be  no  monocolor  transport.  In 
this  case,  bicolor  and  tricolor  paths  become  important. 
Monocolor  conduction  paths  become  increasing  im¬ 
portant  as  the  volume  fr^ons  become  unbalanced  (Fig. 
14b.c). 

Ternary  composition  diagrams  (Fig.  151  are  useful  in 
determining  whtoh  types  of  conduction  paths  are  to  be 


FIGURE  15  Ternary  percolation  di^wns 
for  triccrior  composites,  (a)  A  composite  with 
low  connectivity  shows  single-ct^r  percola¬ 
tion  only  near  eivi-member  compositions,  (bl 
High  connectivity  promotes  percolation 
throughout  the  diagrm.  All  three  colors  can 
percolate  simuhaneousiy  near  the  center  of 
the  diagram. 


found  in  a  composite.  Figure  ISa  shows  a  s,\mmetnc 
three-phase  composite  with  low  connecthin'.  Only 
monocolor  conduction  composition  regions  are  identi¬ 
fied.  Monocolor  paths  occur  only  when  a  high  volume 
fraction  of  the  color  in  question  is  present.  No  mono¬ 
color  transport  occurs  for  compositions  near  the  center 
of  the  temaiy  system,  although  bicolor  and  tricolor 
paths  are  present. 

The  situation  is  very  different  for  a  tricolor  system 
with  high  connectivity  and  easy  percolation  (Fig  15b)  .  In 
this  case,  the  percolating  limits  for  monocolor  transport 
overlap  to  give  regions  in  the  temaiy  where  two  or  three 
monocolor  conduction  paths  coexist.  Bicolor  and  tri¬ 
color  paths  also  exist  in  the  ^lem.  Connectivity  re¬ 
quirements  for  polychromatic  percolation  have  been  dis¬ 
cussed  from  a  theoretical  viewpoint  fay  Zallen  (231. 

An  example  of  coupled  bicolor  percolation  is  shown 
in  Figure  16.  Consider  the  situation  where  an  insulating 
potymer  matrix  is  partially  filled  with  two  kinds  of  parti- 
des.  If  the  particles  are  of  low  connectivity,  percolation 
occurs  only  when  the  matrix  is  filled  to  hi^  levels.  The 
conduction  may  be  monocolor  or  bicolor,  depending  on 
the  relative  proportions  of  the  two  fillers. 

For  high  connectivity  fillers,  conduction  is  much  eas¬ 
ier,  and  the  temaiy  diagram  possesses  a  region  of  over¬ 
lap  for  monocolor  conduction.  At  lower  lev^s  of  filling, 
there  is  also  a  region  where  onty  bicolor  transport  is 
possible. 

An  asymmetric  percolation  diagram  is  shown  in  Fig¬ 
ure  16.  Here  one  filler  has  high  connectivity,  the  other 
low.  The  h4^  connectivity  phase  might  be  a  finely  di¬ 
vided  material  sudt  as  carbon;  the  low  connectivity 
phase  could  be  of  coarser  grain  size. 

An  example  of  such  a  system  is  an  eaty-poling  piezo¬ 
electric  composite  made  up  of  two  kinds  of  paitides 
mixed  in  an  insulating  potymer  matrix  (24].  The  first  kind 
of  particulate  phase  in  a  piezoelectric  composite  is  RZT 
(lead  zirconate  titanate),  a  ferroelectric  ceramic  phase 
that  must  be  poled  to  make  it  piezodeciricalK'  active. 
Poling  is  difficult  because  the  PZT  grains  are  not  in  good 
dectrical  contact;  and  when  shielded  fay  a  pohmer,  only 
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FIGURE  16  Temaiy  percolation  diagram 
for  poIymer>PZT-carbon  composite.  Com¬ 
posites  can  be  poled  in  the  1  -t-  1  coupled 
percolation  region. 
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a  small  fraction  of  llu-  ixilio^  liirld  penetrates  into  the 
fenvelertiic  PZ'I  panicles,  lu  aid  in  (Milinf^.  a  small 
amount  of  a  second  coniUictiw  tiller  maienal  is  added. 
VVtien  a  conductor  is  added  and  the  cuin(}osite  is 
stressed,  electiical  contact  is  eslalilishe<l  lietueen  the 
fenxjelectric  grains,  making  poling  possible  iFig.  17a-ci. 
Pressure  sensors  of  greater  sensitivity  can  be  obtained  in 
this  way  (24). 

Doubly  filled  composites  are  also  used  as  backing  ma¬ 
terials  for  broadband  piezoelectric  transducers  such  as 
PZT.  To  efficiently  couple  the  backing  material  to  the 
transducer,  it  is  necessary  to  match  the  acoustic  imped¬ 
ance  of  the  backing  to  that  of  the  piezoelectric.  The 
acoustic  impedance  of  an  isotropic  solid  is  given  by 
z  =  pv,  where  p  is  the  density  and  t>  the  acoustic  wave 
velocity. 

Two-phase  mixtures  consisting  of  a  polymer  matrix 
and  a  heavy  metal  filler  provide  the  required  high  atten¬ 
uation  and  a  wide  range  of  acoustic  impedances.  The 
filler  particles  scatter  the  acoustic  waves  efficiently,  and 
polymers  general^  have  high  absorption  coefficients;  to¬ 
gether  the  two  provide  the  required  high  attenuation. 
Acoustic  impedances  of  about  30  x  lo*  kg/m^-s  are  re¬ 
quired  to  match  piezoelectric  transducers  made  fit>m 
PZT  or  LiNbOa,  but  it  is  not  ea^  to  obtain  such  values 
with  normal  composite  materials.  In  principle  an  epo;^- 
tungsten  composite  can  provide  a  wide  range  of  acoustic 
impedances  13-100  x  lo*),  but  in  practice  it  is  difficult  to 
load  the  matrix  to  more  than  70  vol  %  tungsten.  It  is 


fuiinil  that  must  of  the  change  in  impedance  takes  place 
at  higluT  \olume  fractions.  .Metal  matrix  backing  mate¬ 
rials  avoid  this  pniblent.  Usittg  lead-indium-hosed  alloy 
as  a  matrix  with  copper  and  tungsten  fillers  gave  imped- 
an(x>  xalues  closely  matched  to  those  of  the  transduc¬ 
er  |25|.  Thiee-phase  backing  materials  such  as  this 
make  excellent  acoustic  dampers  with  impedances  in 
the  range  of  20-45  x  lo*  kg/m^  s. 

Symmetry  of  Composite  Materials 

A  wide  x'ariety  of  symmetnes  are  found  in  composite 
materials.  Examples  of  ciystallographic  groups.  Curie 
groups,  black-and-white  groups,  and  color  groups  will 
be  given,  and  the  resulting  effect  on  physical  properties 
discussed. 

In  describing  the  symmetry  of  composite  materials, 
the  basic  idea  is  Curie's  principle  of  symmetry  superpo¬ 
sition;  A  composite  material  will  exhibit  only  those  sym- 
metiy  elements  that  are  common  to  its  constituent 
phases  and  their  geometrical  arrangement. 

The  practical  importance  of  Curie's  principle  rests  on 
the  resulting  influence  on  physical  properties.  Generaliz¬ 
ing  Neumann's  law  from  ciystal  physics:  The  symmetiy 
elements  of  any  physical  property  of  a  composite  must 
include  the  symmetiy  elements  of  the  point  group  of  the 
composite.  Applications  of  Neumann's  law  to  single- 
ciystal  materials  can  be  found  in  the  book  ly  Nye  [26].  A 
discussion  of  more  wide-ranging  topics  concerning  the 
effects  of  symmetry  has  been  given  by  Shubnikov  and 
Koptsik  [27]. 

Laminate  Symmetiy 

The  lahiinated  composites  pictured  in  Figures  18,  19, 
and  20  are  good  illustrations  of  composite  symmetiy.  In 
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FIGURE  17  Pressed  temaiy  composites 
made  by  mixing  PZT  and  carbon  particles  in 
an  vpcacy  matrix,  (a)  Carbon  p^des  are 
small  l~  5  pm)  with  low  connectMy.  When 
pressed^  (b)  the  carbon  particles  are  trapped 
between  PZT  graina  to  form  conducting  con¬ 
tacts  in  the  poling  direction  (cl. 
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FIGURE  IS  (al  Unidirectional  laminate 
consisting  of  parallel  glass  ffiiers  in  an  epoxy 
matrix,  (b)  The  orthorhombic  mmm  symme¬ 
try  of  the  composite  is  maintained  on  heat¬ 
ing. 
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FIGURE  19  (a)  Cross-pb'  laminate  contain¬ 
ing  orthogonal  fibers  in  adjacent  layers,  (b) 
Double  ciurvature  occurs  on  heatingi  consis¬ 
tent  tvith  42m  symmetry. 


a  unidirectional  laminate  (Fig.  18).  the  ^ss  fibers  are 
aligned  parallel  to  one  another,  such  that  a  laminate  has 
orthorhombic  symmetiy  (ciystallographic  point  group 
nimml.  Mirror  planes  are  oriented  perpendicular  to  the 
laminate  norm^.  and  perpendiculv  to  an  axis  formed 
by  the  intersection  of  the  other  two  mimirs.  The  physical 
properties  of  a  unidirectional  laminate  must  therefore 
include  the  symmetiy  elements  ci  point  group  mmm.  If 
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FtGVREZO  (a)  ±  0angle-pty  laminate  tvith 
222  symmetiy .  (b)  Twisted  curvature  develops 
when  the  temperature  is  raised. 


the  laminate  is  heated,  it  will  change  shape  liecause  of 
themial  expansion.  Less  expansion  will  take  place  paral¬ 
lel  to  the  fiber  axis  because  glass  has  a  lower  thermal 
expansion  and  greater  stiffness  than  polymer.  The  lami¬ 
nate  will  therefore  expand  anisotropically.  but  it  will  not 
change  symmetiy.  Ihe  heated  laminate  continues  to 
conform  to  point  group  mmm. 

A  cross-ply  laminate  (Fig.  19)  is  made  up  of  t%vo  unidi¬ 
rectional  laminates  bond^  together  with  the  fiber  axes 
at  90°.  Such  a  laminate  belongs  to  tetragonal  point  group 
42m.  The  fourfold  inversion  axis  is  perpendicular  to  the 
laminated  sheets  and  to  both  sets  of  glass  fibers.  IVi^oid 
symmetiy  axes  are  oriented  perpendicular  to  the  4  axis 
and  at  4^  to  the  fiber  axes.  The  tetragonal  symmetiy  is 
maintained  on  heating.  A  double  curvature  distortion 
occurs,  but  the  symmetiy  elements  of  point  group  42m 
are  not  violated. 

Laminated  composites  with  ±  0  angle-ply  alignment 
exhibit  orthorhombic  ^mmetiy  consistent  with  point 
group  222.  In  a  ±  0  angle-ply  laminate,  the  fibers  in  the 
first  layer  are  oriented  at  an  angle  of  ^9  with  respect  to 
the  edge  of  the  laminate.  Fibers  in  the  second  layer  form 
an  angle  of  -0  with  the  edge  and  an  an^e  of  20  with 
respect  to  the  fibers  in  the  tot  layer.  Two  twofold  sym¬ 
metiy  axes  bisect  the  fiber  directions,  with  a  third  per¬ 
pendicular  to  the  laminated  layers.  When  heated,  the 
layers  twist,  but  the  ^rmmetiy  is  unchanged  (Fig.  201. 

The  thermal  strains  of  the  three  laminated  composites 
just  discussed  are  excellent  examples  of  Neumann's  law. 
In  all  three  cases  the  qmunetiy  of  the  physical  property 
includes  that  of  the  point  group  of  the  composite.  Other 
properties  of  the  composite  ob^  Neumann’s  law  as  well. 
The  elastic  properties  of  an  angle-p^  metal  matrix  are 
gr^ihed  in  Figure  21.  Young’s  moduli  are  plotted  as  a 
function  of  die  fiber  angle  0.  Maxinium  anisotropy  in 
Young’s  modulus  is  observed  when  the  fibers  in  the  adja¬ 
cent  layers  are  parallel  to  one  another  (0  «  0*  or  90*1.  In 
this  case  the  symmetiy  of  the  composite  is  clearty 
orthorhombic,  but  os  0  approaches  45*,  the  anisotropy 
disappears  until  the  symmetiy  becomes  tetragonal  at 
0  45*,  corresponding  to  the  cross^dy  laminate  situa¬ 

tion. 

The  point  groups  for  unidirectional  laminates  (mmm). 
cross-pty  laminates  I42iiil.  and  an^e-ply  laminates  (222) 
are  examples  of  ciystallographic  symmetiy  in  composite 
materials.  More  complicate  symmetiy  patterns  have 
been  incoiporated  in  three-dimoisional  weaves.  Woven 
caibon-carixm  composites  are  made  from  carbcm  fibers 
with  infiltrated  pyrolytic  carbon  [28).  Aerospace  en^- 
neers  have  found  that  weaves  with  cubic  geometries 
show  excellent  sdilation  resistance.  Cubic  symmetiy  is 
obtained  by  weaving  the  fibers  in  directions  cnirespond- 
ing  to  important  symmetiy  directions  in  a  cube.  In  one 
such  pattern,  the  fiber  axes  are  aligned  perpendicular  to 
one  another  along  three  nonintersecting  <100)  direc¬ 
tions.  Another  utilizes  four  nonintersecting  <lll)  direc¬ 
tions  as  fiber  directions.  An  even  more  complex  weave  is 
obtained  fay  combining  the  <100)  and  (ill)  patterns  in  a 
seven-directional  weave  with  Csceted  strands.  In  the  car¬ 
bon-carbon  composites,  60-75%  of  the  volume  is  occu¬ 
pied  by  caihon  fibers. 
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FIGURE  21  Elastic  properties  of  a  boron 
fiber;  aluminum  mat^  composite  in  ±  0 
angle-pty  configuration.  Young's  moduli  (Eb 
and  Eyy)  are  plotted  as  a  function  of  0.  Ttie 
symmetry  c^ianges  firom  orthorhombic  (Em  # 
Eyy)  to  tetragonal  (£n  -  Eyy)  atB  ^  45°.  corre¬ 
sponding  to  cross-i^  lairdnation. 


Extruded  Geometries 

Other  ^ypes  of  symmetiy  elements  can  also  be  intro¬ 
duced  during  processing.  The  extruded  honqicomb  ce¬ 
ramics  used  as  catalytic  substrates  are  an  interesting  ex¬ 
ample  (29].  By  suitably  altering  the  die  used  in  extrud^ 
the  ceramic  slip,  a  laige  number  of  different  symmetries 
can  be  incoiporated  into  the  composite  bocly  «vhen  the 
extruded  form  is  filled  with  a  second  phase.  Figure  22 
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FIGURE  22  (a)  Electroceramic  bodies  can 
be  extruded  with  many  different  ^ynunetries. 
IMonolithic  honeycomb  patterns  with  (b)  hex- 
agoiud>  (c)  tetragonal)  and  id)  orthorhombic 
symmetries  are  illustrated. 


FIGURE  23  Honeycomb  pressure  sensor 
extruded  with  tetragonal  4/mm  ^mmetiy 
and  then  transversely  poled  to  give  ortho¬ 
rhombic  mm2  symmetry. 


illustrates  three  of  the  extruded  geometries  with  hexag¬ 
onal,  tetragonal,  and  orthorhombic  symmetries.  The 
orthorhombic  pattern  (Fig.  22d)  resembles  the  cellular 
structure  of  ivood  in  which  ceU  walls  terminate  on  adja¬ 
cent  transverse  walls.  Such  a  structure  has  excellent  re¬ 
sistance  to  mechanical  and  thermal  shock. 

Lead  zirconate  titanate  (PZT)  honeycomb  ceramics 
have  been  transformed  into  piezoelectric  transducers  ly 
electroding  and  poling.  The  lymmetiy  of  the  honeycomb 
transducers  depends  on  the  symmetiy  of  the  extruded 
honeycomb  and  also  on  the  poling  direction.  For  a 
square  honeycomb  pattern,  the  symmetiy  of  the  un¬ 
poled  ceramic  is  tetragonal  (4/mmm)  with  finirfold  axes 
parallel  to  the  extrusion  direction.  When  poled  paraUel 
to  the  same  direction,  the  symmetiy  changes  to  4mm. 
Longitudinally  poled  PZT  composites  have  been  investi¬ 
gated  by  Shrout  and  coworkers  [30].  Transversely  poled 
composites  filled  with  epoxy  are  especially  sensitive  to 
hydrostatic  pressure  waves  (31).  In  this  case  the  symme¬ 
tiy  belongs  to  orthorhombic  point  group  mm2  (Fig.  23). 

Not  ^  composites  have  oystallographic  symmetiy. 
Some  belong  to  the  seven  limiting  groups  of  «»-fold  lym- 
metiy  axes  (Fig.  24).  The  best  known  of  the  Curie  groups 


FIGURE  24  Curie  groups  showing  sub- 
group-supergroup  relationships. 
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are  those  with  .sphuiical  cylindiical  tx/nini).  atul 

conical  l^iii)  synunetiy  (27],  The  remaining  four  gmups 
exhibit  right-  and  left-handed  characteristics  that  can 
best  be  illustrated  with  various  types  of  liquids. 

An  ordinary  liquid  (water  or  benzene)  has  spherical 
symmetiy.  In  such  a  liquid,  the  molecules  have  no  align¬ 
ment  or  handedness;  hence  there  are  an  infinite  number 
of  3e-fold  axes  and  mirror  planes,  corresponding  to  Curie 
group  x«m.  All  other  limiting  groups  are  subgroups  of 
3C3C[n,  as  indicated  in  Figure  24. 

The  mirror  planes  are  lost  when  the  liquid  possesses 
handedness.  OissoKing  sugar  in  water  is  a  simple  way  of 
imparting  handedness  to  water.  Though  randomly  ori¬ 
ented  in  water,  the  sucrose  molecules  are  all  of  the  same 
handedness,  thereby  making  the  solution  optically  ac¬ 
tive.  When  dissolved  in  water,  dextrose  and  levose — the 
right-  and  left-handed  forms  of  sugar — give  rise  to  the 
enantiomorphic  forms  of  point  group  «».  This  symmetiy 
can  be  imposed  on  a  composite  material  by  incorporat¬ 
ing  randomly  oriented  molecules  with  a  handedness 
within  the  borty. 

Point  groups  aowm  and  are  consistent  with  ran¬ 
dom  orientation  of  ciystallites  as  well.  A  potyciystalUne 
bo<fy  of  alumina  (sin^e-ciystal  symmetiy  3m)  belongs  to 
Mom.  The  symmetty  group  of  po^iyst^ne  quartz  (en¬ 
antiomorphic  sini^e-ciystal  group  32)  depends  on  the 
relative  population  of  right-  «id  l<A-handed  grains.  If  the 
two  were  equal  in  population,  as  would  normally  be  die 
f:ase,  the  symmetiy  of  a  random!^  oriented  poiyciystai- 
line  bocfy  would  be  asaom.  if  left-handed  grains  were  sys¬ 
tematically  excluded,  say  by  grinding  up  a  right-handed 
oystal,  the  symmetiy  group  would  be 

CoIl^losite  bodies  texture  may  belong  to  one  of 
the  five  remaining  Curie  groups:  «/mm.  »m.  »/in,  »2,  or 
w.  All  five  groups  have  a  special  syuunetiy  axis.  Liquid 
oystals  have  orientational  order,  udiich  conforms  to  Cu¬ 
rie  group  symmetiy.  In  nematic  liquid  oystals,  the  mole¬ 
cules  are  parallel  to  one  another,  giving  Qdindrical  sym- 
metiy  w/iiun.  When  the  molecules  are  pandlel  and  polar, 
coni^  symmetiy  («ml  is  adiieved.  And  if  the  liquid 
oystal  molecules  have  handedness,  or  are  stacked  in 
helical  fashion  as' in  cholesteric  liquids,  then  the  syinine- 
tiy  group  is  »2.  Group  «/m  occurs  in  the  unlikely  cir¬ 
cumstance  that  right-  and  left-handed  molecules  align 
with  opposite  pol^^.  Certain  ferroelectric  oystals  such 
as  Fb^jOit  exhibit  such  ambidextrous  behavior.  The 
lowest  ^mmetiy  Curie  group,  polar  point  group  «,  oc¬ 
curs  in  ferroelectric  liquikd  oystals  with  handedness. 

Mixed  liquids  can  lead  to  some  interesting  symmetiy 
changes.  Mixing  an  enanttomorphic  liquid  (*«)  with  a 
nematic  liquid  oystal  («/inin)  creates  a  "mixed  drink" 
with  symmetiy  «2  in  accordance  with  the  prindple  of 
symmetiy  superposition. 

forces  or  fields  can  be  assigned  to  certain 
symmetiy  groups.  As  an  example,  consider  a  tempera¬ 
ture  gradient  dT/dc.  This  is  a  vector  that  can  be  imposed 
on  a  composite  material  during  processing,  and  if  the 
material  has  a  "memoiy,"  the  vector  nature  of  the  mm- 
perature  gradimt  wfll  be  retained  after  the  tempoature 
gradient  is  removed.  The  pcdar  glass-ceramics  devel¬ 
oped  at  Penn  Sute  illustrate  the  idu  (32].  A  glass  is  oys- 


tallizud  under  a  strung  tcmperatuiv  gradient  with  polar 
ciystals  glowing  like  icicles  into  the  interior  fiuin  the 
surface.  Ceriain  glass-ceramic  systems  such  as  Ba/fi- 
SijOii  and  Li^SiiOs  show  sizable  pyroelectric  and  piezo¬ 
electric  effects  when  prepared  in  this  manner.  Polar 
glass-ceramics  belong  to  the  Curie  point  group  xni.  the 
point  group  of  a  polar  vector.  As  the  glass  is  ciy'Stallized 
in  a  temperature  gradient,  it  changes  s3Tnmetiy  from 
spherical  (aoocm)  to  conical  l^m),  the  same  as  that  of  a 
poled  ferroelectric  ceramic. 


Magnetic  Curie  Groups 

Other  physical  forces  can  also  be  classified  into  Curie 
group  symmetries.  The  chart  in  Figure  25  is  helpful  in 
relating  these  symmetries.  To  describe  the  magnetic 
fields  and  properties,  it  is  necessaty  to  introduce  the 
black-and-v^ite  Curie  groups.  Magnetic  fields  are  repre¬ 
sented  by  axial  vectors  with  symmetry  x/mm'.  The  sim- 
bol  m'  indicates  that  the  mirror  planes  parallel  to  the 
magnetic  field  are  accompanied  by  time  reversal.  The 
relationship  between  bladc-and-white  Curie  groups  is 
shown  in  Figure  25.  The  symbol  1'  is  added  to  the  Curie 
group  symbols  to  indicate  that  in  normal  Curie  groups 
ail  symmetiy  elements  occur  twice,  both  with  and  with¬ 
out  time  reversaL 

Polar  vectors  sudi  as  temperature  gradient  or  an  elec¬ 
tric  field  belong  to  Curie  group  aemj'.  Tensile  stress  is 
represented  by  a  second-rank  tensor  belonging  to  adin- 
drical  group  w/mml'. 

The  synunetiy  supeiposition  principle  applies  to  the 
point  groups  in  Figure  25.  In  the  magnetoelectric  com¬ 
posites  made  from  fsiroelectric  and  feiromagnetic 
pljases,  the  aynuneby  of  the  poling  fields  is  retained 
though  domain  wall  motion.  If  the  electric  and  mag¬ 
netic  poling  fields  are  applied  in  the  same  direction,  the 
synunetiy  of  the  composite  is  xm’.  When  the  poling 
fields  are  perpendicular  to  one  another,  the  synunetiy 
group  is  2'nun'.  This  point  group  also  applies  to  the 
NiSb-InSb  field  plate  described  e^er. 
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FIGURE  26  Symmetry  derivation  for  a 
polyciystaiUne  BaTKV-CoF^*  magnetoelec¬ 
tric  composite  poled  and  nugnetizi^  in  par¬ 
allel  electric  and  magnetic  fielda. 

To  summarize  the  symmetry  of  composites,  some 
composites  belong,  to  aystaUqgraphic  point  groups 
(cross-p^  laminate  42m).  some  to  limiting  groups  (poiw 
glass-ceramics  »m).  and  some  to  black-and-white  limit¬ 
ing  groups  (magnetoelectric  composite  ^m').  Compos¬ 
ites  containing  more  than  two  phases  can  be  described 
by  color  group  symmetiy. 

The  magnetoelectric  composite  described  previous^ 
is  an  excellent  illustration  of  the  importance  of  symme¬ 
tiy  in  composite  materials.  Figure  26  shows  the  change 
in  symmetiy  going  from  domain  single  ciystab  of  Co- 
FejO*  and  BallOj  throu^  multidoinain  and  polyciystal- 
line  states  to  a  potyctystalline  composite  that  has  been 
poled  and  magnetized  in  parallel  £  and  H  fields.  In  com¬ 


TABLB3 

Number  of  Independent  Property  Coefficients 
for  the  Sevmi  Curie  Groups* 


Curie  Group 

P 

€ 

d 

• 

§ 

ODOOml' 

0 

1 

0 

2 

0 

ODODi' 

0 

1 

0 

2 

1 

•B/mmi' 

0 

2 

0 

5 

0 

•/ml' 

0 

2 

0 

S 

0 

otonl' 

1 

2 

3 

5 

0 

«e2l' 

0 

2 

1 

S 

2 

•1' 

1 

2 

4 

S 

2 

*  Mar  MMon  of  rank  1  thraugh  4  art  raprtatnitd  by  iiyiuviacnitfi) 
(pi,  panntttMty  Itl.  pieaoclaotriclty  Wt.  and  alaaOc  oon^riianea  to). 
OptM  aeiMiy  cotactonB  |g)  oonadMe  an  axial  aacond-nnk  tam. 
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Number  of  lndc|H;iidcn(  Property  Coefficients 
for  the  Fourteen  Magnetic  Curie  Groups* 


Magnetic 

Curie  Group 

1 

X 

ae 

Q 

*«m 

0 

1 

0 

0 

0 

1 

0 

0 

MB 

0 

1 

0 

0 

•/mm' 

0 

2 

1 

1 

*/mm 

1 

2 

0 

3 

0 

2 

1 

0 

0 

2 

2 

0 

»/in 

1 

2 

1 

4 

»/in' 

0 

2 

3 

0 

xm 

0 

2 

1 

1 

*m’ 

1 

2 

2 

3 

x2 

0 

2 

2 

1 

»2' 

1 

2 

1 

3 

X 

1 

2 

3 

4 

*  Axial  tenaon  at  rank  1. 3,  and  4  are  reprtaented  by  pyromagnetism  Hi. 
magnetoelactrici^  (xi,  and  pteaomagnetiaixi  IQ).  .Magnetic  suaceptftiU- 
tty  ooefficienta  behave  as  a  polar  second-rank  tensor. 


bining  a  magnetized  ceramic  (symmetiy  group  */mm’l 
with  a  pol^  ferroelectric  ceramic  (symmetiy  group 
oBinl'),  the  symmetiy  of  the  composite  is  obtained  Iw 
retaining  the  symmetiy  elements  common  to  both 
groups:  *m'. 

An  interesting  feature  of  this  symmetiy  description 
is  its  effect  on  physical  properties.  According  to 
Neumann's  law,  the  symmetiy  of  a  physical  property  erf  a 
material  must  inclu^  the  symmetiy  elements  of  the 
point  group.  The  symmetiy  of  a  magmtized  ceramic  and 
a  poled  ferroelectric  both  foibid  the  occurrence  of 
magnetoelectricity,  but  their  combined  symmetiy  (acm') 
allows  it.  By  incorporating  materials  of  suitable  symme¬ 
tiy  in  a  composite,  new  and  interesting  product  proper¬ 
ties  can  be  expected  to  occur. 

A  listing  of  proper^  coefficients  for  the  Curie  groups 
and  their  ma^edc  analogues  is  presented  in  Tables  2 
and  3. 


Connectivity 

Connectivity  [33]  is  a  feature  in  property  develop¬ 
ment  in  multiphase  solids,  since  physical  pix^ierties  can 
diange  by  mapy  orders  of  magnitude  depending  on  the 
manner  in  which  connections  are  made.  Imagine,  for 
instance,  an  electric  wire  tai  whidi  the  metallic  conduc¬ 
tor  and  its  rubber  insulation  were  connected  in  series 
rather  than  in  paraUel.  Obviously,  its  resistance  would  be 
br  higher. 

Each  phase  in  a  composite  may  be  self-connected  in 
zero,  one,  two,  or  three  dimensions.  It  is  natural  to  con¬ 
fine  attention  to  three  peipendicular  axes  because  all 
property  tensors  are  reCerred  to  such  ^tems.  If  we  limit 
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S'S  (two  viows) 


FIGURE27  Ten  omnectivity patterns  used 
to  describe  the  tensor  prc^terties  of  diphasic 
composites.  (From  Ref.  as.) 


the  discussion  to  diphasic  composites,*  there  are  ten 
connectivities  (33}:  0-0, 1-0,  Z-0, 3-0, 1-1, 2-1, 3-1, 2-2, 
2-3,  and  3-3.  The  ten  tUfferent  connectivities  are  illus¬ 
trated  in  Figure  27.  using  a  cube  as  the  basic  building 
block.  A  2-1  connectM^  pattern,  for  example,  has  one 
phase  self-connected  in  two-tUroensional  chains  or  6- 
bers.  The  connectivity  patterns  are  not  generally  unique. 
In  the  case  of  a  2-1  pattern,  the  fibers  of  the  second 
phase  might  be  perpowlicular  to  the  layers  of  the  first 
phase,  as  in  Figure  27,  or  they  might  be  parallel  to  the 
layers. 

During  the  past  few  years  we  have  been  developing 
processing  techniques  far  making  ceramic  composites 
with  different  connectMiies  (34).  Extrusion,  tape  casting, 
and  replamine  methods  have  been  especially  successful. 
The  3-1  connectivity  pattern  in  Figure  27  is  ideally 
suited  to  extrusion  processing.  A  ceramic  sl^  is  ex¬ 
truded  through  a  die  giving  a  three-dimension^  con¬ 
nected  pattern  with  one-dhnensional  holes,  which  can 
later  be  filled  with  a  second  phase  (see  Fig.  231. 

Another  type  of  connectivity  well  suited  to  processing 
is  the  2-2  pattern  made  up  oi  alternating  layers  (rf  the 
two  phases.  The  tape  casting  of  multili^  capacitors 


*  Connectivity  patterns  far  more  than  two  phuM  are  simav  to 
the  diphasic  panama,  bw  more  numeroua.  Ihare  are  20  three- 
phase  pattenia  and  35  faur^thaae  pattoins,  oompared  to  the  tO 
two-phaae  patterns  in  npare  27.  FOr  n  phaaaa  the  number  of 
connectivity  pattema  la  in  -f  3)y3>tl  Trtphaaic  connectivtty  pat- 
wms  ara  taportant  whan  eiectrede  ptttaroa  are  incorporated 
hi  the  diphMic  ceramic  etructuiea  diaaiaaed  iatar. 


vviili  alteniuting  layers  of  metal  and  ceramic  is  a  i\a\  of 
pixKlucing  2-2  connectivity.  In  this  arrangement  i)oth 
pha.ses  are  self-connected  in  the  lateral  X  and  K  diiec- 
tions  but  not  connected  perpendicular  to  the  laver 
along  Z. 

In  3-2  connectivity,  one  phase  is  three-dimensionally 
connected,  the  other  two.  This  pattern  can  be  consid¬ 
ered  a  modified  multilayer  pattern  with  2-2  connectixity. 
If  holes  are  lefi  in  the  layers  of  one  phase,  layers  of  the 
second  phase  can  connect  through  the  holes,  giving 
three-dimensional  connectivity. 

The  most  complicated,  and  in  many  ways  the  most 
interesting,  pattern  is  3-3  connectivity  in  which  the  two 
phases  form  interpenetrating  three-dimensional  net¬ 
works.  Patterns  of  this  type  often  occur  in  living  systems 
such  as  coral,  where  organic  tissue  and  an  inorganic 
skeleton  interpenetrate  one  another.  These  structures 
can  be  replicated  in  other  materials  using  the  lost-wax 
method.  The  replamine  process,  as  it  is  called,  can  also 
be  used  to  duplicate  the  connectivity  patterns  found  in 
foam,  wood,  and  other  porous  materi^  (3S1. 

Stress  Concentration 

The  importance  of  stress  concentration  in  composite 
materials  is  well  known  firom  structural  studies,  but  its 
relevance  to  electroceramics  is  not  so  obvious.  Stress 
concentration  is  a  key  feature  of  maity  of  the  piezoelec¬ 
tric  composites  maefe  from  polymers  and  ferroelectric 
ceramics  (34).  By  focusing  the  stress  on  the  piezoelectric 
phase,  some  of  the  piezoelectric  coefficients  can  be  en¬ 
hanced  and  others  reduced  (33). 

As  an  example,  consider  the  piezoelectric  voltage  co¬ 
efficient^,  rating  electric  field  to  ^plied  stress.  Both 
the  tensile  stress  Oj  and  the  resulting  dectric  field  Es  are 
parallel  to  the  poling  direction. 

If  the  two  phases  of  the  composite  are  arranged  in 
parallel,  the  stress  acting  on  the  more  compliant  phase 
wiD  be  transferred  to  the  stifid*  phase.  Under  these  cir¬ 
cumstances,  the  voltage  coefficient  is: 

-  dp  +  *V*d»3*SM 

“  <r,  “  “  (*V^»  +  »V*s»)I*V’€33  +  *V*c„) 

In  this  expression  the  properties  of  the  two  phases  are 
designated  with  superscripts  1  and  2.  Symbols  ‘dxi 
'es  and  'ss  represent  the  volume  frac^n  of  phase  1 
and  its  piezoelectric  charge  coefficient,  electric  permit¬ 
tivity,  and  elastic  compliance.  The  corresponding  prop¬ 
erties  of  the  second  phase  are  *V,  *cfs,  *as,  and  ^s- 

A  composite  of  interest  here  is  that  of  a  ferroelectric 
ceramic  (phase  1)  in  parallel  with  a  compliant  polyme: 
(phase  2).  In  this  case  *ds  »  ^s,  'ss  «  *3s>  'cs 
'cs,  and: 


Vfa  .  *833 

*Ve»“  ‘V 


If  90%  of  the  composite  vohinie  is  potymer,  then  'V  =  o. 
and  is  ten  times  larger  than  the  voltage  coefficient  c 
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the  ceramic,  gjj.  Excellent  ImImpiKine  tiesigtis  aix;  nb- 
tained  in  this  way  134|. 

Advantageous  internal  stress  transfer  can  also  lie  uti¬ 
lized  in  pyroelectric  coeRlcients.  If  the  tvw  phases  have 
different  thermal  expansion  coefficients,  there  is  stress 
transfer  between  the  phases  that  generates  the  electric 
polarization  through  the  piezoelectric  effect.  In  this  way 
it  is  possible  to  make  a  composite  pyroelectric  in  which 
neither  phase  is  pyroelectric  [33]. 


Electric  Field  Concentradon 

The  multilayer  design  used  for  ceramic  capacitors  is  an 
effective  configuration  for  concentrating  electric  fields. 
By  interleaving  metal  electrodes  and  ceramic  dielectrics, 
relatively  modest  voltages  are  capable  of  producing  hi^ 
electric  fields. 

Multilayer  piezoelectric  transducers  are  made  in  the 
same  way  as  multilayer  capacitors  [36].  The  oxide  pow¬ 
der  is  mixed  with  an  oiganic  binder  and  tape-cast  using 
a  doctor  blade  configuration.  After  diying,  the  tape  is 
stripped  from  the  substrate,  and  electrodes  are  applied 
with  a  screen  printer  and  electrode  ink.  A  number  of 
pieces  of  tape  are  then  stacked,  pressed,  and  fired  to 
produce  a  ceramic  with  internal  electrodes.  After  attach¬ 
ing  leads,  the  multilayer  transducer  is  packaged  and 
poled.  When  compared  to  a  simple  piezoelectric  trans¬ 
ducer,  the  multilayer  transducer  offers  a  number  of  ad¬ 
vantages: 

1.  The  internal  electrodes  make  it  possible  to  genei^ 
ate  larger  fields  for  smaller  voltage,  eliminating  the 
need  tnnsformen  for  high  power  transmitters. 
Ten  volts  across  a  tape-cast  layer  100  fun  thick 
produces  an  electric  feld  of  10*  V/m,  not  for  foam 
the  depoling  field  of  PZT. 

a.  The  higher  capadtance  inherent  in  a  multilayer 
design  may  also  help  in  impedance  matching. 

3.  Many  diffnent  electrode  <h»igns  can  be  used  to 
shape  poling  patterns,  which  in  turn  control  the 
mo^  of  vibration  and  the  ultrasonic  beam  pattern. 

4.  Additional  design  fiexibility  can  be  produced  by 
interleaving  layers  of  diffenent  composition.  One 
can  alternate  ferroelectric  and  antiferroelectric  lay¬ 
ers,  for  instance,  thereby  increasing  the  depoling 
field. 

5.  Grain-oriented  piezoelectric  ceramics  can  also  be 
tape  cast  into  muldliyer  transducers.  Enhanced 
piezoelectric  properties  are  obtained  by  aligning 
the  oystallites  parallel  to  the  internal  electrodes 
[371. 

e.  Another  advantage  of  the  thin  dielectric  byers  in  a 
multilayer  transducer  is  improved  electric  break¬ 
down  strength.  Gerson  and  Marshal  [38]  measured 
the  breakdown  strength  of  PZT  as  a  fonction  of 
specimen  thickness.  The  DC  breakdown  field  fiM' 
ceramics  1  cm  thick  was  less  than  half  that  for  1 
mm  thick  samples.  It  Is  lik^  that  the  trend  con¬ 
tinues  to  even  thinner  specimens,  leading  to  im¬ 
proved  poling  and  more  reliable  transducers. 


I’criiaps  even  more  important  than  these  factors  is  the 
enhancement  of  electixistrictive  effects.  Klcctrostriction 
is  a  second-order  electromechanical  coupling  between 
strain  and  electronic  field.  For  small  fields,  electrostric- 
tive  strains  are  small  compared  to  piezoelectric  strain, 
but  this  is  not  true  for  the  high  fields  generated  in  multi¬ 
layer  transducers. 

Multilayer  electrostrictive  transducers  (39)  made  from 
relaxor  ferroelectrics  such  as  lead  magnesium  niobate 
IPMN)  are  capable  of  generating  strains  laiger  than  PZT 
(Fig.  281.  Since  there  are  no  domains  in  PMN,  there  are  no 
“walk-off"  effects  in  electrostrictive  micropositioners. 
Moreover,  poling  is  not  required,  arid  there  are  no  aging 
effects.  The  concentration  of  electric  fields  makes  non¬ 
linear  effects  increasingly  important. 

Multilayer  Thermistors 

For  many  applications  it  is  desirable  to  lower  the  room 
temperature  resistance  because  the  thermistor  elements 
are  often  connected  in  series  with  the  circuit  elements 
they  are  designed  to  protect.  It  is  possible,  of  course,  to 
lower  the  resistivity  of  the  composite  by  altering  the 
components,  but  the  resistivity  cannot  be  lowered  indefi¬ 
nitely  without  degrading  the  PTC  thermistor  effect. 

The  introduction  of  internal  electrodes  offers  a  way  to 
reduce  the  resistance  per  unit  rolume  without  affecting 
the  temperature  characteristics.  Thermistor  devices  are 
presently  being  fabricated  as  ceramic  discs  or  as  com¬ 
posite  wafers.  Recentfy  we  developed  a  way  of  making 
multilayer  BaTiOj  PTC  thermistors  140}  that  greatfy 
lowers  the  room  temperature  resistance.  Barium  titanate 
powder  doped  with  rare-earth  ions  is  mixed  with  an 
oiganic  binder  and  t^ie  cast  on  glass  slides.  Electrodes 
are  then  screen-print^  on  the  tapes,  followed  by  stack- 


aXCTROSTRICTtVE 

OSPMN-OJPT 


FIGURE  28  Comparison  of  electrostrictive 
and  piezoelectric  micropositioners.  Nonlin¬ 
ear  ^ects  become  in^rtant  in  multilayer 
composites  where  the  electric  fields  ore 
large. 
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in^,  pirssing,  and  lirin^;.  (lie  internal  electrode  c(iniif;u- 
ration  is  \eiy  similar  t<]  that  of  multilayer  capacitors. 

life  iKisic  idea  invoKes  comparison  of  a  single-layer 
disk  theniiistor  with  a  multilayer  thennistor  of  the  same 
external  dimensions.  The  multilayer  device  is  assumed 
to  have  n  ceramic  layers  and  n  -t-  1  electrodes.  Let  A 
represent  the  area  of  the  single-layer  disc  thermistor,  t  its 
thickness,  and  p  the  resistivity.  The  resistance  of  the  disc 
thermistor  is: 


For  the  multilayer  thermistor,  the  total  electroded  area  is 
nA  (neglecting  margins)  and  the  thickness  is  t/n  (neglect¬ 
ing  the  electrode  thickness).  The  resistance  of  the  multi¬ 
layer  device  is: 

_  p(t/n)  _  fl, 

“  ftA  n* 

The  resistivify  of  the  thennistor  is  lowered  a  factor  of 
1/n*  with  n  -  1  internal  electrodes. 

We  have  demonstrated  die  feasibili^  of  this  idea  with 
a  multilayer  device  containing  four  tape-cast  layers.  As 
predicted,  the  resistance  of  the  multilayer  specimen  is 
approximate^  n*  («°16l  times  smaller  with  veiy  little 
change  in  the  temperature  characteristic. 


Summaiy 

Some  of  the  basic  ideas  underlying  composite  electro- 
ceramics  have  been  illustrated  in  thto  module.  By  way  of 
summaiy,  we  might  state  them  as  Ten  Commandments: 

1.  Sum  properties  involve  the  averaging  of  similar 
properties  in  ^e  component  phases,  with  the  mixing 
rules  bounded  by  the  series  and  parallel  models.  For  a 
simple  sum  property  such  as  the  dielectric  constant,  the 
dielectric  constant  of  the  composite  lies  between  those 
of  the  individual  phases.  Hiis  is  not  true  for  oombinstion 
propaties  based  on  two  or  more  properties.  Acoustic 
velocity  depends  on  stiflhess  and  density,  and  since  the 
mixing  rules  for  these  two  properties  are  often  different, 
the  acoustic  velocity  of  a  composite  can  be  smaller  than 
those  of  its  constituent  phases. 

a.  Product  properties  are  even  more  complex  be¬ 
cause  three  properties  are  involved:  different  properties 
in  the  constituent  comIHne  to  yield  a  third  properly  in 
the  composite.  In  a  magnetoelectric  composite,  the  pi- 
eTn«)«ctric  effect  in  hjirium  dtanate  acts  on  the  magneto- 
strictive  effect  of  cobalt  ferrite  to  produce  a  composite 
magnetoelectric  effect. 

3.  Connectivity psttemssnskeyksturet^cotnposite 
dectroceramics.  IIm  seffconnectiveness  of  the  phases 
determines  whether  series  or  parallel  models  app^.  and 
therdy  minimises  or  maximizes  the  properties  dT  the 
composite.  The  threeHlimensional  nature  of  the  connec- 
tM^  patterns  makes  it  possfiile  to  minimim  some  tensor 


i-oiii|ioiii!iits  while  niaxiiiii/.iiig  othei-s.  I’iczoelccii  ir 
cuinposiles  made  I'min  parallel  fcntieicctric  fillers  have 
laige  (/,,  t-oelficients  and  small  d.„  values. 

4.  I  '.tmrcniralcd  field  and  force  patterns  are  pos.sihle 
with  caiefully  selected  cunnectivities.  Using  intcnial 
electnides,  electiostrictive  ceramics  are  capable  of  pro¬ 
ducing  strains  comparable  to  the  best  piezoelectrics. 
Stress  concentration  is  achieved  by  combining  stiff  and 
compliant  phases  in  parallel.  A  numlier  of  different  hv- 
drophone  designs  are  based  on  this  principle. 

5.  Periodicity  and  scale  are  important  factors  when 
composites  are  to  be  used  at  hi^  frequencies  where 
resonance  and  interference  effects  occur.  When  the 
wavelengths  are  on  the  same  scale  as  the  component 
dimension,  the  composite  no  longer  behaves  like  a  uni¬ 
form  solid.  The  colorful  interference  phenomena  ob¬ 
served  in  opal  and  feldspar  minerals  are  interesting  ex¬ 
amples  of  natural  composites.  Acoustic  analogues  occur 
in  the  PZT-polymer  composites  used  as  biomedical 
transducers. 

6.  Symmetry  governs  the  physical  properties  of  com¬ 
posites  just  as  it  does  in  single  ciystals.The  Curie  princi¬ 
ple  of  symmetry  superposition  and  Neumann's  law  can 
be  generalized  to  cover  fine-scale  composites,  thereby 
elucidating  the  nahire  of  their  tensor  properties.  As  in 
the  case  of  magnetoelectric  composites,  sometimes  the 
composite  belongs  to  a  aymmetty  group  that  is  lower 
than  any  of  its  constituent  phases.  Unexpected  product 
properties  occur  under  such  circumstances. 

7.  Interfacial  ^ects  can  lead  to  interesting  barrier 
phenomena  in  composites.  ZnO-BijOj  varistors  and 
caibon-polymer  PTC  thermistors  are  important  exam¬ 
ples  of  Schottl^'  barrier  effects.  Barrier-layer  capacitors 
made  from  conducting  grains  separated  by  thin  insulat¬ 
ing  grain  boundaries  are  another  example. 

'  B.  Polychromatic  percolation  is  an  interesting  con¬ 
cept  that  has  yet  to  be  fully  explored.  Composites  fabri¬ 
cated  from  two  or  more  conducting  phases  can  have 
several  kinds  of  transport  paths,  both  single-phase  and 
mixed,  depending  on  percolation  limits  and  volume  frac¬ 
tions.  Cartx>n-PZT-polymer  composites  can  be  poled 
because  potychromatic  percolation  establishes  flux  con¬ 
tinuity  through  ferroelectric  grains.  The  SiC-BeO  com¬ 
posites  under  development  as  substrate  ceramics  are  an¬ 
other  example.  These  diphasic  ceramics  are  excellent 
thermal  conductors  and  poor  electrical  conductors  at 
one  and  the  same  time.  A  thin  layer  of  BeO-rich  carbide 
separates  the  SiC  grains,  insulating  them  from  one  an¬ 
other  electrically,  but  providing  a  good  acoustic  imped¬ 
ance  match  ensuring  phonon  conduction. 

9.  Coupled  phase  trantformations  in  polyphasic 
solids  introduce  additional  possibilities.  Recentty  discov¬ 
ered  NTC-PTC  composites  made  from  VjOj  powder  and 
embedded  in  polyethylene  combine  matrix  and  filler 
materials  with  complementaiy  properties.  At  low  tem¬ 
peratures  the  vaiuidium  oxide  p^cles  are  in  a  semicon¬ 
ducting  state  and  in  intimate  contact  with  one  another. 
On  passing  through  a  semiconductor-metal  transition, 
the  electrical  conductivity  increases  by  five  orders  of 
magnitude.  Further  heating  brings  the  potymer  to  a 
phase  transformation,  causing  a  rapid  expansion  in  vtd- 
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ume  and  pulling  the  V,0,  particles  apart  As  a  conse¬ 
quence.  the  electrical  conducti\it\'  decreases  dramati¬ 
cally.  by  eight  orders  of  magnitude.  In  addition  to  this 
"window  material"  with  a  controlled  conducthin-  range, 
several  other  composites  with  coupled  phase  transfor¬ 
mations  were  described. 

10.  Porosity  and  inner  surfaces  play  a  special  role  in 
many  electroceramic  composites  used  as  sensors.  Hu¬ 
midity  sensors  made  from  AI2O3  and  LiF  have  high  inner 
surface  area  because  of  thermally  induced  fracture.  The 
high  surface  area  and  hygroscopic  nature  of  the  salt 
result  in  excellent  moisture  sensitnnty  of  the  electrical 
resistance.  Chemical  sensors  based  on  similar  principles 
can  be  constructed  in  the  same  way. 

R.  E.  Newnham 
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Atottict 

A  solid-state  tunable  transducer  has  been 
develop  fay  incorporating  an  dastically  nonlinear 
materlaL  silicone  rubber,  into  an  electroacousde 
transducer  made  from  plesoelectrlc  ceramics.  The 
resonant  frequency  and  mechanical  Q  of  the 
transducer  are  tuned  mechanically  by  applying  a 
uniaxial  compressive  stress  to  the  composite.  The 
resonant  frequency  is  tuned  electrlcaliy  by  placing  a 
piezoelectric  actuator  into  the  composite  and  vaiybig 
the  oiagnltude  of  the  d.c.  bias. 


Introduction 

Smart  materials  aeny  a  cbyge  In  the 
environment  and.  usirig  a  feedback  system,  make  a 
usefbl  response  vdth  an  actuator.  Eiounples  of 
passively  smart  and  actively  smart  materials  have 

described  in  a  recent  review  paper.(l) 
p,«.twlv  «Hart  matert^s  ^ve  self  r^ 
mechanisms  or  standby  phenomena  that  enable  tbe 
matcfial  to  witbataiul  a  sudden  change  in  the 
environment  Ceramic  varlstocs  and  positive 
temperature  coefBclent  (PTQ  thermistors  are 
passively  smart  materials  In  wfaldi  the  electrical 
resistance  dumges  reversibly  with  voltage  (varistor) 
or  temperature  Rhennlstor).  When  struck  by 
a  rine  oxide  varistor  exhibits  a  large 
decrease  in  Its  electrical  resistance,  and  the  current 
la  aborted  to  mound.  lUa  dmnge  in  leaistaDCe  is 
leversible.  PIC  thennistors.  tua  as  defied  barium 
tltanate  IBdltO^.  show  a  huge  increase  in  dectxleal 
resistance  at  the  ferrodectric-panelectri''  phase 
transformation  h  ISO*  C).  The  tncreaae  m 
reatstanoe  protects  circuit  dements  against  large 
current  surges.  Variators  and  PIC  thermistors 
function  as  passive^  smart  materials  that  use  standby 
mechanisms  to  prevent  dectrtcal  breakdown. 

aettvdv  — m  used  in  automobile 
suspenr^  systenrs  to  provide  controlled 
compUanoe  for  the  shock  absorber  system.  The 
TEMS  flbyota  Electroirlc  Modulated  Su^nston) 
^tem  (2)  uses  a  pleaoeleciilc  senaor  to  monitor 
road  rougbneaa.  The  setuwr  produces  a  vdta^ 
wliidi  is  in  ma^tude  and  altered  in 

phase,  and  then  appUed  to  a  pleaoelectrtc  actuator. 
The  actuator  produM  a  hydrostatically  erdaiged 
displacertiertt  wbldi  adjusts  the  damping  force  In 
the  shock  sbaarber  sydem.  All  of  these  McUons. 
from  sensmg  to  hydraulic  adtustraent  takes  place  In 
less  than  20  msec. 

By  introducing  a  learning  function  into  smart 
piytyHatf  the  degree  of  smartrtess  Is  upgraded  to 
verysmart.  a  wrv  smart  msterlsl  senses  a  chsnae  In 
the  errvirenmerd  and  responds  by  dianglng  one  or 
more  of  its  propeny  coefficients.  Sudi  a  matertd 


can  *tune*  its  sensor  and  autustor  functions  in  Ome 
and  space  to  optimize  behavior.  Unth  the  help  of 
memory  elements  and  a  feedback  system,  a  v^ 
smart  material  becomes  smarter  with  age. 

The  distinction  between  smart  and  very  smart 
materials  Is  essentially  one  between  linear  and 
nonlinear  pnperilea.  This  difference  can  be 
demonstrated  in  the  behavior  of  strain  with  applied 
electric  field  in  iMezoelectrlc  PET  (PbZro.5Tlo.5O3). 
and  electrosMcUve  PMN  (PbMg0.33Nb0.67O^ 
ceramics.  In  bard  PZT.  the  strain  is  linearly 
dependent  to  tbe  appUed  electric  field.  Therefore, 
the  piezoelectric  das  coefficient  which  la  equal  to 
the  ^ope  of  the  strain-electric  Add  curve,  is 
constant  and  caimot  be  tuned  with  a  bias  field. 
However.  PMN  ceramics  exhibit  very  large 
electrostricttve  effects  In  which  the  strain  is 
proportional  to  tbe  square  of  tbe  electric 
polailzatloii.  The  nonlinear  relaUon  between  strain 
and  electric  field  can  be  used  to  tune  tbe  daa 
coefficient  la  certain  modified  PMN  ceramics, 
these  values  range  from  zero  at  zero  bias  field  to 
1500  pC/N  si  a  bias  field  of  4  kV/cm. 

The  tunable  transducer  described  In  this  paper 
is  am  exanqpie  of  a  very  smart  material.  Silicone 
rubber,  an  elastically  nonUnear  material,  has  an 
acQustable  daatlc  modulus,  enabling  the  transducer 
to  be  tuned  Is  frequency  and  acoustic  impedance. 

Electromedianicari  acoustic  transducers  edilch 
employ  pfezodectrle  materials  operatfrig  at 
resonance  are  used  as  fish  finders,  btornedlcal 
scanners,  and  sonar  systems  to  search  for  objects  of 
various  sizes.  These  systems  are  fimtted  in  that  the 
resonant  frequoxy  of  opecatiao.  ^  tfre 
mechanical  On.  are  fbe^  and  depeiMl  on  the 
geometry  of  the  transducer  and  ito  comjdex  stiffness. 
Tbe  scatterii^  power  of  the  target  depends  on  tbe 
frequency  of  the  taiterrogatliig  wave  a^  the 

m  acoustic  impedmee.  H  is  maxlmizrd 
when  the  wavdength  is  approodmat^  the  same  size 
as  tbe  object  OMects  of  various  rizes  can  be 
Identified  using  m  same  transducer  if  the  resonant 
frequeiKy  can  be  dianged  accordingly.  By  creating  a 
compost  transducer  whose  rcaonant  fre^engr  and 
0  can  be  tuned  over  a  wide  range,  the 
veraatlliqr  of  a  trmuducer  and  its  friterrogatlon 
capahiHtifs  can  be  vasdyinqMaved. 

TVinable  Tyanadueer 

Concent 

The  resoimnt  frequenqr  of  a  thickness  mode 
tranadticer  Is  gwen  by: 


(H 


vrtiere  t  is  the  thickness.  E  Is  Q1S  elastic  modulus, 
and  p  Is  the  densl^.  Previous  studies  of  tunaUe 
tran^uccrs  fay  Wa).  Fry  et  al.  (3)  and  E.P.  Lanina  (4) 
concentrated  on  varying  the  resonant  fiequency 
controlling  the  effective  thickness  of  the  transducer. 
Fry  et  al.(3)  used  a  liquid  backing  media  (mercury 
wuch  had  an  adjustable  thickness.  The  Aject  was 
to  produce  high  Intensity  ultrasound  over  a  relatively 
wide  and  continuous  fr^uency  range.  This 
ultrasound  was  to  be  projected  Into  a  liquid  medium. 
A  reduction  in  the  resonant  frequency  mm  80  kHz 
to  40  kHz  was  observed  as  the  Imgth  of  the  mercury 
fond,  therefore,  the  effective  thickness  of  the 
tyst^  was  varied  from  aero  to  2.5  cm. 

Lanirudd)  described  a  tunable  hlgh-frequenty. 
hlgh'power  piezoelectric  ceramic  radiator  for 
iKMillnear  acoustic  studies.  The  nstem  eras  similar 
to  that  of  Fty  et  al.(3)  but  Instead  of  one  piezoelectric 
ceramic  idate  and  its  backing  materiaL  the  tystem 
'  cormlsted  of  two  piezoelectric  ceramic  plates 
separated  ^  a  llqw  matching  layer,  oil.  The 
spacing  of  the  plates  was  varied  Mtween  0.5  and  3 
aun.  The  addition  of  the  second  piezo-ceramic  plate 
Increased  the  radiation  Intensity  ^  a  foctor  of  four 
over  that  of  a  single  plate.  The  resonant  frequency 
was  varied  from  1.7  MHz  to  1.9  MHz  by  chariging  the 
thickness  of  the  oil  matching  layer.  Shock  waves 
were  produced  In  a  water-flUed  tank  using  this 
device. 

According  to  equation  1.  the  resonant 
frequency  can  also  be  changed  by  varying  the  elastic 
modulus  or  the  density  of  the  transducer.  However, 
neither  of  these  propotles  can  be  easily  tuned  In 
plesoelectrle  ceramics  or  other  standard  transducer 
nuterlals.  Therefore,  in  our  deslpi  a  nonlinear 
elastic  material  (rubber)  was  inoorporated  Into  a 
multilayer  composite  trimsducer. 

It  has  been  shown  that  ultrathin  (0.01-.05  mm) 
rubber*metal  laminates  possess  men  pronounced 
nonlinear  behavior  of  the  dastic  modulus  them 
ordlnaty  rubber  or  laminates  containing  tubfawr 
foyers  3-4  mm  thlek.(4)  For  eaample.  with  rubber 
liners  0.03  mm  thick  bonded  to  copper  shim  0.06 
mm  thick,  we  observed  a  chsnge  in  the  effective 
dastic  modulus  from  6  MPa  to  ISO  MPa  under  a 
uniaxial  compressive  stress  of  43  MPa. 

Fig.  1  shows  a  schematic  of  the  composite 
multifoyer  transducer  consisting  of  a  rubbtf-metal 
fomlnatc  sandwiched  between  two  P2T  disks  and  a 
brass  head  and  talhnass.  A  stress  bolt  is  used  to  hold 
the  composite  together,  fan  this  configuration,  the 
eflbctlve  clastic  iMuhis  of  the  rubber,  and  therefore 
of  the  composite,  can  be  controlled  by  tlghtesiing  the 
stress  bolt  to  apply  a  uniaxial  compressive  stress. 

BuMig-liifctil  Limliatc 

In  our  Initial  attempts  to  control  the  resonant 
frequermy  with  tmlaxlal  stress,  a  foyer  of  silicone 
rubber  (0.4  mm  thick)  was  placed  In  between  two 
FZT-S  disks.  However,  the  data  were  not 
reproducfble  from  one  run  to  the  next  because  the 
rubber  foyer  was  squeezed  out  from  between  the  PZT 
and  did  not  contract  bock  Into  tlic  composite  when 
the  stress  was  decreased.  Under  b|^  ntechanical 
stress,  the  rubber  was  tom  and  permanently 
damaged.  Similar  Ineprodudble  results  were 
obtained  with  rubber-metal  laminates  nwde  bom 
silicone  rubber  and  brass  shinis.  The  problem  In 
both  eases  was  the  frmbdlty  of  the  rubber  layer  to 
adhere  to  the  PZr  or  the  brass  sfokn.  Tbe  problem 


Fig.l  The  hmable  transducer,  the  brass  has  an  outer 
diameter  (OO)  of  22  mm.  an  Iruier  diameter  (ID)  of  5 
mm.  and  Is  7.7  mm  thick.  The  PZT-S  piezoelectric 
has  an  ODof21  mm.  an  ID  of  5  nun.  and  Is  2.5  mm 
thick.  The  elastomer  Is  a  rubber-metal  laminate  and 
Is  described  In  the  text. 


was  solved  by  making  a  laminate  incorporating  a 
specially  treated  copper  shim  with  a  thin  coating  of 
potylmlde  to  assist  the  adhesion  with  silicone  nml^. 

The  laminate  was  made  in  tbe  foaoudi^  way.  A 
silicone  rubber-tnchloroethylene  solution  was 
applied  to  the  polylmlde  coated  side  of  two  pieces  of 
the  copper  shtaa  cut  in  the  shape  of  a  toroid.  This 
was  allowed  to  set  for  one  hour  to  kt  the  solvent 
evaporate.  Then  the  two  sides  covered  with  silicone 
rulmer  were  sarxlwidied  together  and  placed  tai  a 
die.  This  laminate  was  then  hot-pressed  at  a 
pressure  of  37  MHs  and  a  temperature  of  ISO*  C  for 
one  hour.  Reproducible  behavior  of  the  resonant 
frequeiuy  under  ai^ilied  stress  was  achieved  with 
these  cmoqiosltcs. 


Mechanical  Tuning 

Tbe  resonant  frequency  and  sacchanlcal  0  of 
the  composite  transducer  can  be  tuneo  fay  applying  a 
mecdianical  bias  (Fig  2.)  The  measurements  in  Fig.  2 
were  performed  fay  ap|9yliig  a  uniaxial  stress  to  the 
composite  by  tlgbteiilng  the  stress  bolt  with  a  torque 
wrench.  TImn.  the  resonant  fiaquency  of  the 
composite  was  determined  W  measuring  the 
conductance  as  a  function  of  frequenty  with  a 
Hevdett-Psekard  4192A  LF  Impedance  analyzer. 

Modellna  the  TVanaducc^ 

The  tunable  transducer  can  be  modeled  using 
an  equivalent  circuit  shopn  In  Fig,  3.  The  circuit 
shows  only  half  the  transducer  since  it  is  synunetrlc. 
The  rubber  foyers  are  modeted  as  a  spring  with  zero 
mass,  and  tbe  mechanical  oompltance  of  the  ceramic 
is  neglected.  The  brass  Is  modeled  as  having  both 
mass  and  mechanical  compliance.  It  is  further 
assumed  that  only  the  medianlal  compliance  of  the 
rubber  changes  appreciably  with  the  i^l^cation  of 
stress.  When  the  conqiosite  Is  at  resonance  tbe 
mechanical  compliance  of  the  rubber  Is  given  by: 


KMPIO 

Fig.  2  The  resonant  frequency  and  mechanical  Q  of 
the  tunable  transducer.  A  rubber-metal  laminate 
consisting  of  5  rubber  layers  (each  0.02  mm  thick) 
and  6  layers  of  copper  shim  (each  0.08  mm  thick). 


where  «t  la  2«fr.  Me  is  the  maaa  of  the  ceramic.  Mb 
la  the  mass  of  the  brass,  and  as  ia  the  mechanical 
compliance  of  the  bran. 


Me  Mb/3  Mb/2 
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Fig.  3  Ihe  equivalent  circuit  of  a  tunable  transducer. 

At  very  low  stress  the  rubber  ta  very  emnpUant 
and  effectively  isolates  the  upper  P2T  and  brass  from 
the  bottom.  As  the  atren  bicreaaes.  so  does  the 
mechanical  adffinen  of  the  ndiber  and  an  additional 
reaofuuMe  appears  at  a  frequency  much  lower  than 
the  usual  thtelmen  aaode  arttti  a  q 

Mr  less  than  that  of  die  F2T  and  braaa  Both  of  these 
effects  are  caused  by  the  decreased  compltance  of 
the  rubber  and  the  coupling  of  the  upper  and  lower 
parts  of  the  composne.  As  the  rubber  stiffens,  both 
the  resonant  frequency  and  the  medianteal  Q 


increase. 


Besides  being  able  to  tune  the  frequency 
mechanically,  it  is  also  possible  to  tune  it  electrically. 
A  multilayer  pieaoelectnc  actuator  matte  of  PZT  was 
incorporated  into  the  composite  transducer  to 
produce  an  addititmal  displacement  after  a 
mechanical  prestress  has  been  applied  (Fig.  4). 


^  h*n*bte  transducer  with  the  P2T  actuatoi 
suck  Included.  The  sUck  is  45  mm  thick  with  an 
OD  of  32  mm  and  an  ID  of  6 

«  y^*”  **M  oqrands  when  a  d.c.  electric 

field  is  ^rplled.  A  P2T  stack  of  42  toroids. 

each  1  mm  thick,  produces  10  pm  motions  (Fig.  5) 
with  500  volts  applied.  The  displacement  Is  linear 
with  the  applied  voltage  with  Just  a  vm*"  hysteresis. 


DCBlas(Voltd 


i^roaucea  oy  me  42  layer 


There  to  •  relanUon  process  that  occurs  «4ien 
s  mechsn’cal  prestress  to  applied  to  this  composite. 
It  to  cau'^ed  by  the  epoxy  between  the  toroids  In  the 
PSrr  stack.  The  epoxy  Is  used  to  hold  the  stack 
together.  Initial^,  the  resonant  frequency  of  the 
composite  tends  to  Increase  with  time  because  of 
the  todenlng  of  the  epoxy  in  response  to  the 
Increased  mechanical  bias.  Fig.  6  shows  a  plot  of  the 
resonant  frequency  as  a  function  of  time  at  a 
prestress  of  7  MPa  and  no  d.c.  voltage  applied  to  the 
Prr  stack.  Typically,  It  takes  about  12  hours  for  the 
resimant  frequenqr  to  stabilize. 


compoatte. 

After  the  resonant  frequency  has  stabilized.  It 
to  ponible  to  tune  the  frequency  using  the  converse 
piezoelectric  property  of  the  PZT  stadt.  Fig.  7 
shows  the  resonant  frequency  as  a  function  of  the 
d.e.  voltage  applied  to  the  PZT  stadi. 


Fig.  7  The  resonant  frequency  plotted  as  a  function 
oM.c.  voltage.  The  prestress  was  7  MPs  on  a  rubber- 
metal  tominate  with  a  rubber  thickness  of  0.02  mm. 


The  reason  for  the  small  change  In  resonant 
frequency  (approximately  350  Hz)  was  thought  to  be 
due  to  the  geometry  of  the  system  In  that  the 
maximum  stress  Is  now  approximately  at  the  center 
of  the  PZT  stack  rather  than  at  the  rubber*metal 
laminate.  The  transducer  design  was  altered  to 
place  the  maxlmiun  stress  at  the  rubber-metal 
laminate  by  Incorporating  a  large  piece  of  brass  of 
the  same  dlmeiulons  as  the  PZT  stack.  Fig.  8  shows 
this  design. 


PZT 

and  PZT 


Fig.  8  The  tunable  transducer  consisting  of  a  PZT 
actuator  stadc  and  a  brass  c^lnder  of  »itnn«r 
dimensions. 


The  resonant  frequency  of  this  modified 
transducer  remained  rmtlvely  small  (33Wzi  for  the 
same  pressure  and  rubber  thickness  as  the  prevloua 
measurement  The  total  mass  arul/or  relative 
thickness  of  the  rubber  to  the  tranwluoer  may  be  the 
limiting  factor  in  these  cases  and  requires  further 
investlgatloii. 

The  tunable  transducer  can  be  compared  with 
transceiver  ayatema  In  the  biological  world.  The 
tdoaonar  system  of  the  fiytaig  bat  to  similar  in 
frequency  and  tamabdily  to  the  tunable  transducer. 
The  bat  emlta  chirps  at  30  kHz  and  Itoteito  for  the 
return  signal  to  locate  firing  insects.  The  resonant 
freouency  Is  modulated  by  a  decrease  from  SO  kHz  to 
20  kHz  near  the  end  of  each  chlrp.(6)  Frequency 
modulation  provides  superior  stgnal-to-nolse  ratios 
and  more  precise  timing  of  the  return  slguL  The 
bat  modulates  the  frequm^  by  a^fusUng  the  tension 
applied  to  the  menibtane  in  the  lamK  generating 
the  dilrpa.  At  the  begbinlng  of  a  cnirp  the  muscles 
appfy  substantial  tension  to  the  memhraiie.  The 
tension  to  rdeased  at  the  end  of  the  ciibp  causing  a 
decrease  In  frequency.  The  decrease  takes  place  In 
mdltoeconds.fT)  We  can  mimic  this  frequency 
modulaUon  tat  the  tunable  transducer  ustag  an 
electrically  driven  screwdriver  to  bgbt»n  the  stress 
bolt  The  stress  to  then  released  by  reversing  the 
operation  of  the  screwdriver  In  the  same  way  the  bat 
relazea  the  muades  diat  ppply  tension  to  the  chirp- 
emlttlng  merrbrane. 

Additional  modifications  are  underway  to 
convert  the  next  genoatlon  of  very  smart  materials 
Into  Intelligent  matcitola.  These  transducers  consist 
of  ceramic  titan  films,  acting  as  senaoia  and 
actuators,  deposited  on  slUooa  chips.  These 
intelligent  nuitcriala  Incorporate  sensor  and  actuator 
functions  wldi  the  fecdbadc  decfronlea  Into  an 
integrated  composite  transducer. 
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AbtUvet—K  new  type  of  piezoelectric  composite  has  been  de¬ 
veloped  for  oceanographic  applintions.  The  composites  have  a 
large  fignre  of  merit  (d*  *  g*  or  ■  gt/tan  5),  a  l^e  dielectric 
constant  (if)  and  low  dielectric  loss,  as  well  as  great  mechanical 
strength.  A  shallow  cavity  between  the  PZT  ceramics  and  thick 
metallic  electrode  is  designed  to  convert  a  portion  of  the  z-di- 
recthm  stress  into  a  large  radial  and  tangential  stress  of 
site  sign,  thereby  causing  the  AOd  d\\  contributkms  to  d*  to 
add  ratlMT  than  subtract,  and  raising  the  figure  of  merit.  The¬ 
oretical  stress  analysis  was  carried  out  using  an  axisymmctric 
finite  element  method.  Eaperimental  results  show  that  the  d*  - 
tkt  K  and  withstandable  pressure  are  extremely  high. 


I.  Introduction 

For  many  hydrophone  applications,  there  is  a  great 
demand  for  piezoelectric  composite  with  a  high  hy¬ 
drostatic  piezoelectric  chatge  coefficient  {d^,  high  hydro¬ 
static  piezoelectric  voltage  coefficient  (g*),  and  high  die¬ 
lectric  constant  (X)  as  well  as  a  high  pressure  tolerance. 
In  the  last  decade,  sevenl  piezoelectric  centnic-polymer 
composites  with  different  connectivity  patterns  have  been 
developed  for  hydrophone  and  medical  transducer  appli¬ 
cations  (l]-(4].  The  advantages  of  these  composites  over 
cetatnics  include  higher  figure  of  merit  *  g*  to  enhance 
the  sensitivity,  increased  mechanical  compliance,  smaller 
acoustic  impedance  for  matching  to  water  or  tissue,  and 
lower  transverse  electromechanical  coupling  coefficieitt  to 
reduce  cross-talk  noise  and  improve  directivity  of  the 
transducer  array.  Disadvantages  of  these  ceiamic-poiy- 
mer  composite  tiansducers  however,  are  lower  dielectric 
constant  and  lower  pressure  tolerance  than  their  ceramic 
counterparts. 

Flextensional  transducers  composed  of  a  piezoelectric 
ceramic  and  a  shell  structure  exhibit  good  electro-aonistic 
performance  [5],  [6]  in  which  the  extensional  vibration 
mode  of  a  piezoelectric  ceramic  is  coupled  to  the  flexural 
vibration  mode  of  a  metal  or  polymer  shell.  The  shell  is 
used  as  a  mechanical  ttamformer  for  transforming  the  high 
acoustic  impedance  of  the  ceramic  to  the  low  acoustic 
impedance  of  the  medium  and  for  producing  large  volume 
velocity.  Or,  when  operated  in  the  reverse  direction,  the 
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TABLE  I 

Comparison  OF  gt  ■  Product  Among  Various 
Piezoelectric  Materials 


Material 

-  **(xl0-’‘mVN) 

PZT-bnss  compoaite 

-50,000 

PZT 

-110 

PbTiO, 

-1.800 

Voided  TTuck  PVDF 

-5,000 

large  velocity  in  the  medium  produces  a  high  stress  in  the 
ceramic.  All  five  types  of  flextensional  transducers  de¬ 
scribed  in  [5]  and  [6]  are  designed  to  operate  in  the  low 
frequency  range  below  10  kHz. 

llus  paper  describes  a  new  type  of  piezoelectric  ce¬ 
ramic-metal  composite  based  on  the  principle  of  a  flex¬ 
tensional  transducer.  The  basic  structure  is  described  in 
Section  n  and  has  some  similarity  to  a  class  V  flexten¬ 
sional  transducer  fT].  A  computer  analysis  of  the  stress  in 
the  composite  was  performed  using  the  finite  element 
method  (FEM).  The  stress  contours  are  described  in  Sec¬ 
tion  in.  In  S^on  IV,  the  experimental  results  are  pre¬ 
sented  to  show  that  this  type  of  composite  can  provide 
very  high  ’  g*  or  *  g*/ton  6,  [8]  together  with  a 
large  capacitance  and  high  withstanding  pressure.  Table  I 
compares  the  rf/i  *  g*  values  of  the  PZT-metal  composite 
with  other  commonly  used  transducer  materials. 

n.  Basic  Principle 

As  is  well  known,  PZT  ceramics  have  high  d-^  and  d^, 
but  their  (/a  (=  dyy  +  Zdyi)  values  are  only  about  45  pC /N 
because  dyj  and  d^  have  opposite  signs.  To  enhance  d,,, 
we  have  develop^  a  PZT-metal  composite  with  very 
shallow  cavities  between  the  PZT  ceramic  and  thick  metal 
electrodes  that  convert  a  portion  of  the  z-direction  stress 
into  large  radial  stresses  of  opposite  signs,  thereby  caus¬ 
ing  the  dj3  and  dji  contributions  to  d/,  to  add  rather  than 
subtract,  leading  to  high  d*. 

A  cross  section  view  of  the  disk  shaped  PZT-metal 
composite  is  shown  in  Fig.  1.  The  cylindrically  symmet¬ 
ric  structure  is  designed  to  obtain  an  extensional  vibration 
mode  of  PZT,  and  high  hydrostatic  pressure  tolerance. 
The  height  of  the  shallow  cavity  h  is  less  than  ISO  iim. 
The  shallow  cavity  allows  deformation  of  the  metal  elec¬ 
trode  toward  the  ceramic  disk  by  closing  the  cavity  that 
reduces  stress  amplification  in  the  PZT  and  prevenu 


0883-M>l0f9IS01 .00  ©  1991  IEEE 


XL  ri  ai  PlkZOhLtcrKlC  LUMPoSlTkS  NMTH  HIGH  StSilllLir^  AND  HIGH  LAPAL'IT ASCb 


breakdown  during  shockwaves  or  very  high  hydrostatic 
pressure.  The  concept  of  the  stress  tiansfonnation  can  be 
explained  in  a  simple  manner  using  the  cross  section  in 
Fig.  2  and  the  following  equations: 


^■2 
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N 

Similariy 
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dc 
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2h 

2h 
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tan  a' 
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(1) 

(2) 

(3) 

(4) 

(5) 


The  extensional  stress  is  considered  as  “negative”  here. 
Let  F;,  be  the  x-direction  stress  in  PZT,  then 


T,sP„-N^P,sT,  (6) 

where  P,  is  the  acoustic  pressure  and  is  a  stress  ampli¬ 
fication  parameter;  N  is  approximately  equal  to  1  /tan  a, 
where  a  is  the  shallow  cavity  angle  shown  in  Fig.  2;  7^ 
is  the  z-component  of  stress  in  PZT  and  is  given  by 

T,  -  P,.  (7) 

The  rnulting  polarization  is  d^  Tj  +  dn  Ty  +  dyy 
where  5  is  the  surface  area  of  the  P2rr  and  ^  is  the  surface 
area  of  the  metal-PZT  bond. 

Therefore 


(</*)«.  I -H2d„[l-^].  (8) 

This  estimate  of  (d,.) _ explains  the  buic  principle  of 

the  composite,  but  the  experimental  result  of  d^  is  much 
smaller  than  fdt)-...  partly  because  Af  is  much  less  than 
1  /tan  a  for  a  thick  m^  electrode. 

The  basic  idea  of  the  composite  is  to  attempt  to  use  both 
the  dfj  and  djt  coeflScients  to  obtain  high  d^.  Thick  metal 
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Fig.  2.  Simplified  model  for  calculating  sutss  transformation. 


plates  are  used  as  a  mechanical  transfonner  to  transform 
the  stress  direction  and  amplitude,  and  also  to  adjust  the 
acoustic  value  from  a  low  impedance  in  the  z-direction  to 
a  high  impedance  in  planar  direction. 

The  lowest  vibration  mode  of  the  composite  is  a  flex- 
tensional  mode  determined  mainly  by  the  stiffness  of  the 
PZT  in  a  planar  mode  and  the  equivalent  mass  of  the  metal 
plate.  This  equivalent  mass  is  much  larger  than  the  real 
mass  of  the  metal  plate,  because  the  vibration  velocity  at 
the  central  portion  of  the  metal  is  much  larger  than  the 
reference  velocity  in  the  PZT.  The  operating  frequency 
range  of  the  composite  is  dependent  on  this  flextensional 
mode  that  is  controlled  by  the  cavity  diameter  dg,  the 
height  of  the  cavity  h,  the  thickness  of  the  metal  and 
the  stiffness  of  the  ceramic  in  planar  mode. 

Since  the  withstanding  hydrostatic  pressure  P,.  is  an¬ 
other  important  parameter  for  the  underseas  application, 
the  stress  amplification  coefficient  A/  cannot  be  designed 
too  high.  Transducers  with  large  cavity  diameters  (d,) 
have  low  fiextensional  resonant  frequency,  low  P.  arid 
high  df,. 

The  capacitance  of  the  composite  can  be  changed  by 
adjusting  the  electrode  area  on  the  PZT  surfaces,  espe- 
cirdly  if  the  stress  in  the  center  portion  of  the  PZT  disk  is 
small. 


m.  Stress  Analysis  with  FEM 

A  theoretical  analysis  of  the  PZT-brass  composite  was 
performed  using  the  finite  element  analysis  program,  AN 
SYS  version  4.3  [9],  [10].  A  one-quarter  axially-sym- 
metric  model  is  shown  in  Fig.  3.  The  mesh  contained  640 
quadrilateral-shaped  elements  with  729  nodrd  points.  Half 
of  them  are  in  the  PZT.  The  triangular  points  are  used  to 
“pin”  the  object  and  allow  only  parallel  nootion  on  the 
boundary  when  stresses  are  employed. 

To  simplify  the  analysis,  the  metal  bonding  layer  is  ne¬ 
glected,  ^  a  hydrostatic  reference  pressure  of  P,  ^  1  » 
applied  to  the  niodel.  Fig.  4  shows  the  stress  contours  in 
tito  radial  (P)  direction  with  a  quadrupole  pattern  in  the 
brass,  and  a  stress  concentration  factor  of  about  20  at  the 
tip  point  of  the  PZT  and  the  brass.  In  the  PZT,  there  are 
ody  extensional  stresses  in  the  radial  R  direction  and  very 
stn^l  stresses  in  the  central  portion  of  the  ceramic.  The 
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tangential  stresses  direction)  in  Fig.  5  shows  that  there 
are  bending  stresses  in  the  brass,  and  extensional  stresses 
in  the  PZT.  The  stress  contours  in  the  z-ditection  shown 
in  Fig.  6  indicate  that  there  are  undesirable  extensional 
stresses  in  the  PZT,  and  the  stresses  are  concentrated  with 
a  factor  of  about  IS  at  the  tip  of  the  cavity  between  the 
PZT  and  brass.  The  stress  analysis,  which  neglected  the 
PZT-brass  interface  layer,  shows  that  the  material  used  as 
to  bond  the  PZT  and  the  brass  should  have  greater  com¬ 
pliance  Hmw  brass  or  PZT  in  order  to  reduce  the  stress 
concentration  factor  and  to  obtain  compressive  stresses  in 
the  PZT  along  the  z-direction,  thereby  forming  large  ex¬ 
tensional  stresses  in  the  PZT  along  the  R-  and  ^-direc¬ 
tions.  A  thick  bonding  layer  of  a  metal  with  lower  elastic 
moduli  metal  leads  to  higher  sensitivity  in  hydrophone  ap¬ 
plications. 


IV.  Experiments  and  Results 

PZT-brass  composite  samples  with  dimensions  (Fig.  1): 
d  =  ll  mm,  =  1.2  mm,  A,  =  1.1  mm,  h  =  1(X)-150 
(im,  and  four  different  cavity  diameters  d^  =  7.6  mm 
(large  cavity),  S.8  mm  (midde  cavity).  4.1  nun  (small 
cavity),  2.5  mm  (very  small  cavity)  were  fabricated  for 
the  experiments.  In  order  to  obtain  a  thick  bonding  layer, 
the  brass  plates  were  bonded  to  a  PZT-S  disk  with  the 
capacitor  dectrode  silver  paste  and  fired  at  600'’ C  for  10 
min.  Brass  was  chosen  for  its  lower  thermal  expansion 
coefficient  (approximately  IS  ppm/*C).  After  cooling, 
the  composite  was  encapsulated  arcHind  its  circumference 
with  Spurts  epoxy  resin  and  cured  at  90”C  for  more  than 
8  hours.  The  composite  was  poled  in  oil  at  150**C  with  a 
2.5  kV/mm  electric  field  for  about  IS  min. 

The  gi,  coefficient  was  determined  using  a  dynamic  ac 
technique.  An  electromagnetic  driver  was  used  as  an  ac 
stress  generator  to  apply  pressure  waves  to  the  sanq)le  and 
a  PZT  standard,  which  were  kept  under  a  static  pressure 
(up  to  1000  psi  (7  MPa))  with  a  hydraulic  press.  The 
charge  produced  by  the  sample  and  the  standard  were 
buffered  with  an  impedance  converter,  and  the  resulting 
voltages  measured  on  a  Hewlett-Packard  3585A  Spec¬ 
trum  Analyzer.  The  ratio  of  the  voltages  is  proportional 
to  the  gi  coefficients.  Accounting  for  the  geometries  of 
the  sample  and  PZT  standard,  and  the  stray  capacitance 
of  the  holders,  the  g*  coefficient  of  the  sample  was  cal¬ 
culated.  Using  the  measured  values  of  gi,  the  hydrostatic 
piezoelectric  coefficient,  d*,  was  calculated  from  the  re¬ 
lation,  di  «  toKgi. 

A  question  arises  in  how  to  compare  the  output  of  this 
transducer  with  other  piezoelectrics.  Since  gi  is  obtained 
ftom  the  ouqnit  voltage  and  the  thickness  of  the  composite 
and  standard  samples,  we  have  chosen  the  thickn^  of 
composite  samide  to  be  the  same  as  the  thickness  of  PZT 
disk  in  order  to  retain  the  same  dielectric  constant  as  PZT. 
Otherwise,  g*  will  be  three  times  less  and  the  apparent 
dielectric  constant  will  be  three  times  higher. 

The  experimental  results  presented  in  Figs.  7  and  8 
show  that  large  cavity  sizes  lead  to  very  large  di  and  gi 
values.  Moreover,  the  dielectric  constant  exceeded  1500 
and  tan  6  was  less  than  0.025.  Fig.  9  shows  the  relation¬ 
ship  between  the  djj  value,  measured  at  center  point  of 
the  sample  with  a  Berlincourt  djj  meter  using  the  electro¬ 
magnetic  driver  operating  at  a  frequency  of  1(X)  Hz.  and 
the  di  value  measured  by  the  method  just  described.  The 
dn  value  increases  markedly  with  cavity  diameter.  Fig. 
10  shows  that  the  frequency  of  the' lowest  flextensional 
mode  decreases  as  the  cavity  diameter  increases.  There¬ 
fore,  the  larger  cavity  diameter  composites  possess  a  lower 
(grating  range. 

Because  the  diermal  expansion  coefficiem  of  brass  is 
larger  than  the  PZT  (approximately  5-7  ppm/  *C),  com¬ 
pressive  prestresses  are  applied  to  PZT  during  the  bond¬ 
ing  process  in  R  and  d  directions  perpendicular  to  the  pol- 
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M|drotlCtic  PratlMft  Pg  (d(t) 

Fi(.  7.  Nydnxtttic  premuc  dependence  of  tod  g^.  Ltrge  cevity,  d,  « 
7.6  nun,  if  -  1700. 
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Fig.  S.  HydiMttiic  preesmc  dependence  of  d*  tnd  gk-  SnuU  cavity,  d,  * 
4.1aun.ir>  1S60. 


d,,(pC/N) 

Fig.  9.  The  di,  dependence  of  d„  at  center  point  of  the  disk. 

ing  diiection.  These  prestresses  help  to  maintain  the 
polarization  in  the  PZT.  Fig.  1 1  shows  that  aging  under 
hydrostatic  pressure  at  350  psi  (about  2.3  MPa)  was  very 
snudl. 

Lastly,  a  planar  amy  was  made  for  testing  by  embed¬ 
ding  four  composite  samples  with  large  cavities  in  epoxy 
resin  (Eccogel  1365-25,  Emerson  and  Cummings,  Inc.) 
(Fig.  12).  The  admittance  and  conductance  of  the  amy 
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Fig.  10.  Fifst  flexlentionnl  ftcquency  dependence  of  cavity  diameter. 


Tima  (Doyt) 

Fig.  11.  Aging  onderhydnxtaticpiemie.  Hydnctatic  pieasnic  F.  >  3S0 

pci. 


Fit  12.  FlexMe  mi^  iaootpotaiing  four  oompociie  tianidneen. 


in  air  and  in  water  presented  in  Figs.  13  and  14  show  that 
the  lowest  flextenskmal  mode  was  higher  than  30  kHz  and 
that  the  resonant  peak  in  water  was  flat.  Since  conduct- 
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Fig.  13.  ug  ~«— <«««««^  of  ikc  vtwi  ia  «ir.  Four  cieoeaB 

uny  aair. 
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Fig.  14.  CarfBctMwaaJaJwiiiiafftofifceiniyii  water.  Foarekaatt 
•my  ii  water. 


•nee  exhibit  only  •  weak  lesonanoe  peak,  a  flat  leceiving 
tespoaae  is  expected  to  extend  to  nxHe  dian  20  kHz. 

V.  Conclusion 

1)  PZT-biau  composites  with  rediiected  stresses  ex¬ 
hibit  a  veiy  hifh  figure  of  merits  (dt  •  g*  or  4k  *  g*/t>i> 
i)  as  weU  as  hi^  dielectric  constant  K,  and  high  with¬ 
standing  pressure  Pm-  The  compMite  characteristics  in¬ 
cludes  values  of  4l  *  g*  a  50,000  x  lO”'*  m*/N,  K  > 
1400  and  f*.  >  1000  psi.  The  improved  transducer  per- 
fonnance  promises  to  be  important  in  many  naval  ^ipli- 
catioas,  and  for  detecton  for  oil  expforatimi  and  eaith- 
({uake  seismology. 

2)  Larger  caviar  sizes  lead  to  huge  4k  eodg*.  but  lower 

operating  frequent. 

3)  Very  litde  aging  was  observed  under  high  hydro¬ 
static  pressure  of  350  psi. 

4)  An  expertmemal  foor-clemeat  flexible  array  shows 
that  the  lowest  resonance  fiequeocy  is  higher  than  30  kHz. 
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